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Crop models have become increasingly useful tools for utaledsng and implementing sus-
tainable agricultural techniques and as a way of accuratelgicting crop yields for economists
and policy decision makers.

Using remotely sensed imagery can significantly reduce ffeete@equired to obtain the in-
puts for crop models and can provide regular sets of obgensthroughout a growing season.
Empirical models can be used to extract information regeydhe crop from remotely sensed
images but have well-documented limitations. Coupling g ermdel with a radiative transfer
model allows comparison between modelled and actual rafieet across a range of potential
crop model states. The potential difference observed aamahow for recalibration of the crop
model. This technique enables the crop model to be updatedghout crop development and
growth, increasing its accuracy at predicting the develepinof the crop. As the structure of the
crop changes significantly during growth and developmdfécang the remote sensing signal,
a 3D structural model which can represent this change isnexju

This thesis presents work developing and re-parametgrainexisting 3D crop model to make
it more generic, as well as coupling it with a radiative tf@nsnodel. The crop model being
re-parameterised is ADEL-wheat. Extensive field work sf@giwo growing seasons has been
carried out to measure the phenological and structuradmiffces that occurred during the growth
and development of different genotypes of winter wheat.selabserved differences, particularly
in phenology, have been implemented within the model, aad tised to test the impact on the
remote sensing signal. The work shows that structural réiffees between genotypes tend to
have a greater impact on the resulting modelled signal thangogical variation. The combined
structural and radiative transfer modelling approach @aghto be very flexible and can be used
to improve/augment existing crop modelling approaches.
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Crop models at their simplest predict yield and at their mashplex simulate the processes
involved in crop growth and development. Recent advanceswiitis area of research have led
to the coupling of more complex crop models with, both optca microwave remote sensing
data. This chapter aims to justify this area of research antifdn context of the wider scientific
field.

Wheat (Triticum spp) was one of the first crops easily culedabn a large scale yielding a
harvest which provided long term storage of food. The comam of these attributes made it
a key factor enabling the emergence of city-based sociatidse start of civilisation. It is now
cultivated worldwide and in 2007 world production of wheasx607 million tons, making it the
third most produced cereal after maize (784 million tong) ane (651 million tons) (Faostat
2007). Globally wheat has been the leading source of velgepabtein in human food, having a
higher protein content than the other major cereals; maigerige. In terms of total production
tonnages used for food, it has been second to rice as the maiarhfood crop and ahead of
maize. Wheat grain is a staple food used to make flour, noodéeta, breakfast cereals and
couscous and is used for fermentation to make beer and dtwodradic beverages as well as bio
fuel. It is therefore an important crop socially and econaatty and a worthy focus of this thesis
(Sources 2013).

It is important to acknowledge that agriculture producearsety of food and fuel, both of which
are vital for humans and the local, regional and global egoas. Scientific evidence suggests
that the global climate is changing (Watseihal. 1996, Watsoret al. 1998, Parryet al. 2001,
Van Vurenet al. 2011). Global agriculture must confront this change andistiteon provide for
the predicted increased population (Bank 1994). Recenidytd severe drought and rampaging
wildfires, Russia dropped its grain crop forecast for 20 Ehdéng wheat prices to a two year
high (Welle 2011).This highlights the impact wheat yielah ¢aave on the global economy and
the importance of being able to forecast yields accuratetgadintain food security. Crop models
play an important part in this challenge providing accueaté timely predictions of food security
and related issues with food pricing (Pasatyal. 1999).

Globally, agriculture contributes to climate change tlglouhe consumption of energy and the
release of soil carbon as well as affecting the carbon andnegtles (Desjardinst al. 2007).

It has a crucial influence on runoff, albedo, evapotransipimeand ultimately atmospheric com-
position and global climate energy exchanges between rfacgiand the atmosphere (Foley
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et al. 2005). Crop models can increase the understanding of thesplew relationships. This
is important as agriculture affects, but is also vulnerablelimate change. Predicted increased
temperatures are suggested to eventually reduce yieldsraralirage weed and pest prolifera-
tion. Predicted changes in precipitation patterns arecseto increase the likelihood of short-
run crop failures and long run production declines. The aempact of climate change on
agriculture is thus expected to be negative. Crop modelslemadreater understanding of these
complex relationships which are important within the cltmmahange and agricultural sectors
but also due to the knock on affect such changes can have baldtmd security as already
mentioned (Nelsoet al. 2009).

Locally, the conversion and maintenance of natural landgtacaltural land affects the local
environment contributing significantly to water, air andl gwllution and adversely affects the
local biodiversity of flora and fauna (FAO 2002). In order tonimise the environmental impacts,
crop models can be used to help inform optimal agriculturahagement strategies. This allows
high quality and quantity yield to be produced with minimgbuts (Launeet al. 2009).

Within research crop models can reduce the need for resoumesive glasshouse and field trials
by, within reason, enabling model simulation runs to takarthlace. Examples of such research
include; competition within crop canopies (Lawlegsal. 2005), spread of foliar disease (Zhang
et al. 2007) and pest damage (Pinnschnatlal. 1995). By constructing a model of a system
such as a growing plant or crop canopy, knowledge gaps anéifiéel which enables research to
progress more efficiently. Within education (Grawtsal. 2002) they have also been shown to
be a useful visual and practical aid.

Crop models therefore have a variety of applications withipartant areas not limited to agri-
cultural research but also within economics, food secuanity climate change and conservation.
This variety of use has produced a range of crop models wlanlbe categorised into empirical
and mechanistic. The main difference between these typesdél are that mechanistic models
describe the system it is simulating based on knowledgeeopthcesses that are taking place,
whereas an empirical model describes the system basedlglimacobservation. It is important
to note that all models are empirical at some level. The nssne of empirical models are that at
the forecast level they cannot be extrapolated easily amdiraited in use to conditions similar
to those in which they were generated. Mechanistic modeisher do not have this limitation
and can be extrapolated outside the boundaries from wheshviere generated (Chanter 1981).
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There are also different types of mechanistic models, somehndescribe the canopy as a ver-
tical layers of homogeneous vegetation and others that htloeestructure of the plants within
the canopy (some of which are empirical). Detailed desompand examples of such models are
given in the next chapter (Chapter 2).

All crop models, mechanistic or empirical, require dataethtan be collected using field mea-
surements or the trawling through of data files in the casegibnal yield estimates. This thesis
concentrates on the use of an alternative method of datactiolh, remote sensing, which is
considered far more efficient (Pintet al. 2003) than in-field measurements. The temporal and
spatial frequency of remotely sensed data is high enoughdble data to be collected through-
out the growing season of a crop and the problems which aiitbecoud cover being overcome
by using microwave data (Vescovi and Gomarasca 1998).

Remotely sensed data has been used within precision fatmirgate yield maps (Sehgzatlal.
2005). These maps enable within season anomaly to be diteentieresolved directly reducing
input requirement and cost to the farmer and environmene U3e of remote sensing is also
used to predict yield at regional scales (DiBadlaal. 2005), where remote sensing data is used
as inputs into models which aid in policy making, such as CABdfsecurity and food pricing,
and with real time estimates enable prior warning of low cy@hd.

Extracting the relevant information from the remotely sshdata has in the past required empir-
ical models. Empirical models, as mentioned, are limitethat they are applicable only under
the conditions in which the data was collected (Lewis 200Vijh the prediction of environmen-
tal change such models may therefore fall short of predicinything meaningful. In response
there has been a move to combining more mechanistic crop Imadé canopy reflectance
models. Mechanistic models incorporate the current unaledsng of the processes involved
within the system being modelled. This enables a greateenstehding of the system and in
forward mode ‘better’ prediction of its state. Canopy refexte models predict the reflectance
from a canopy. Coupling a crop model with a canopy reflectancdainallows comparison be-
tween modelled and actual reflectance, across a range ait@bterop model states (Moulin
et al. 1998, Rickman and Klepper 1991) and enables the crop modbe tgpdated throughout
crop development and growth, increasing its accuracy atigtiag the development of the crop
(Lewis 2007).



CHAPTER 1. INTRODUCTION 29

There has been published research on this and the next clgajgte more detail on this work. In
such cases, where the crop model has been mechanisticofhis ecnodelled as vertical layers of
homogeneous vegetation. The structure of the plants witi@rcanopy is not included and the
canopy is considered homogeneous. The remote sensingisigeasitive to structural variation
within the canopy and so crop models that simulate the strecif the crop are considered in
this thesis to be more useful crop models. Functional-8iratcrop models are the ‘new’ crop
model, which model the structure of the plant as it grows gisiiological rules. ADEL-Maize
(Fournier and Andrieu 1998) is one example of such a modeis fodel has been adapted to
model wheat; ADEL-Wheat, and is used as the basis of thiss@siescription of which is given
in Chapter 2). ADEL-Wheat is however classified as a structaadel rather than a Functional-
Structural model. It models the architecture of the wheabps but relies more on empirical
rather than mechanistic relationships to describe the tjrawd development of the wheat. The
coupling of a truly Functional-Structural model with a cagaeflectance model would require
heavy parameterisation and computation time. Insteadgpheach here is to concentrate on the
main influence on the reflectance from the canopy, the streicaind use sound semi-empirical
relationships to ‘grow’ the wheat, which require less paggars. Currently ADEL-wheat is
parameterised using data collected from only one genotyperder wheat. To increase the
applicability of the model, the parameterisation needsdalhecked that it is appropriate for
many genotypes of winter wheat, especially if it is to be usithe regional scale.

One aim of this work is to build a useful database of informatn wheat growth and develop-
ment. It is to hold information on many genotypes over oneseéxrpental period and information
for two genotypes over two growing seasons. The databasearisltide phenological and archi-
tectural data which can help feed into continuing reseairith wheat growth and development.
Apart from actual quantitative data on 10 genotypes overgrmowing season and 2 over two
growing seasons, it also gives feedback on the drawbacksidvaehtages of certain measure-
ment techniques which should aid in future experimentataesh. This database has already
proven useful to other applications of crop research anctbasibuted to two published papers
(Dornbuschet al. 2011, Dornbusclet al. 2010) and no other published work can be found that
details such an extensive database of information fromaheegyrowing season on winter wheat
genotypes.

The crop model that this thesis is focused on is ADEL-wheatkvis considered to be a dynamic
3D model of winter wheat and as mentioned simulates explittie structure of the crop at the
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plant level. There is no published work available on the diogpof a radiative transfer model
with a 3D dynamic crop model in relation to wheat.This thesiss to investigate the idea of this
combination of models and illustrate its potential use imitlemote sensing studies to understand
more about the how the structure of the canopy affects themagtric signal.

Chapter 2 gives a review of the crop models currently develgsewell as an overview of the
methods used to couple such models with canopy reflectandelmyonaking full use of remotely
sensed data. A description of ADEL-wheat is given withirsttihapter and an overview of the
suggested changes to be made within this thesis, hightightee Methodology chapter describes
the methods used to collect the data required for the upglainrADEL-wheat over the two
growing seasons that data was collected. The updating oflADIEeat has been split into two
chapters, the first covering aspects of the model that sieplaenological properties of wheat
and the second that simulate architectural propertieseoivieat. Chapter 5 covers the models
that describe the final organ dimensions, leaf appeararetélkming, and chapter 6 covers the
models which describe 3D and 2D leaf shape. Suggested chamtiee ADEL-wheat model are
implemented into the model. Using radiometric data and pgrover data collected during one
experiment, these model outputs are compared with cotlenotasurements and discussed. The
final chapter concludes the findings within the thesis anédgyan overview of future work to
improve the modelling process further.
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This chapter follows on from the introduction which justifiéxe tuse of crop models and the
coupling with remote sensing for efficient data collectiorgive a review of existing crop models
and how these models can utilise remote sensing data to vaph@ir predictions. A review of
the methods used to couple the models with remote sensinggeasa is given and the future
of this area of agricultural research discussed.

A crop model is a mathematical representation of a canopgceSsuch models may be con-
structed for a variety of purposes they may differ subsédigtin complexity, focus and scope.

This has led to a range of models simulating particular crpparticular aspects of the pro-
cesses involved in plant growth and development to be atedtee simplest type of models are
empirical in which no knowledge of underlying processesmarelved. At the other end is purely

mechanistic modelling which incorporate knowledge of thecpsses acting within the system
and intermediate between these two are semi-empirical lmodéechanistic models have the
advantage over empirical models that due to the process/gavan the system being described
they are more general and can aid in the increased undeirsgaofdthe system, however they
require more parameters and computationally are more exgethan empirical models.

Crop models may also be subdivided in terms of the basic urdidefted. The most simple,
model the canopy as a homogeneous medium with state varisdpessenting spatial averages
of interest such as biomass or LAI (Leaf Area Index) whichhis bne-sided leaf area per unit
ground area. In recent times, advances in computing powes made possible the modelling
of the canopy as a population of individually modelled pgamthich in turn may be modelled as
an ensemble of individual organs. In theory modelling atdlgan/plant level should be more
accurate and satisfying since many important processésasuassimilation occur at the level of
the individual organ/plant, however such models tend toirecheavy parameterisation and thus
present their own particular problems.

The area of crop modelling covers numerous plants and treggevest, from flowers (Fisher
and Lieth 2000) to mainstream financial crops, maize (Jo885,1Fournier and Andrieu 1999)
and rice (Jame and Cutforth 1996, Pinnschreidil. 1995). Models also exist which concentrate
on genetics of the plant growth and development and alscstaatture and development (Wang
et al. 2004). Since the focus of this project is on winter wheat &rdate sensing applications
only a subset of the above models that have relevance to boéhqf the other) of these areas is
reviewed here.
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2.1 Empirical Model and Semi-Empirical Models

The simplest crop-growth models are statistical relatigps or mathematical functions, such
as polynomials, exponential functions, and sigmoidal eamepresenting the state of the canopy
as a function of time (Marcelist al. 1998). Where regression techniques are used to fit a
model to observed data, the resulting model can be refeored tstatistical’. Statistical models
require extensive data collection, preferably throughbetgrowing season of the crop of interest
and over many years. Regression or statistical modelswgthaseful are inherently limited in
their application to the conditions and genotype from whiich data was collected in order
to create the models. However the predictive value of sudtrigive models can be high,
because they implicitly take into account all unknown afexs well (Marceliset al. 1998). In
summary empirical models are made up of statistical retatigps usually between a variable of
interest such as LAI or biomass and time. They have littleisga value but can produce good
predictions, especially when the environmental conddifor which the models are applied are
within the range of variation upon which the model is pararieed. When empirical models
are used outside such a range they may fail or may requirgasults re-calibration. Their use
is now reduced, although empirical elements in models dtecstnmon in many mechanistic
models.

In order to increase the generality of these models and #imiity to be applied in different
locations they must encompass more knowledge of the presesgolved. These models are
known as semi-empirical models and an example of which isxayc empirical model. This is
driven by temperature instead of time and is based on thenadigen that growth rate is constant
within a limited range of temperature (Fournetral. 2000). Equation 2.1 is a dynamic model
expressing growth, if y is biomass, as a differential equratirhe actual behaviour of the system
is obtained through integration of the model.

dy/dt = f(x) (2.1)

where

y = variable of system such as biomass

t = time variable

f = some function of y, t and other parameters
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x= the system under examination, i.e a vector containingrpaters describing the state of the
canopy at time t.

Additional variables can also be included into the modehirease its generality, such as the
model created by Waggoner (1984) which predicts wheat ydeld function of meteorological
variables, such as temperature, precipitation and nunfloys warmer thaf2 °C. Inclusion of
these extra variables within the model aid in increasingjiglicability as it can be more easily
re-calibrated to areas other than those where the data Wasted to create the model, however
data is still required to be collected from the new sites theotto re-calibrate the model.

This top down approach has been adopted by Sinclair (198&3hblvet al. (1990) and Hammer
and Muchow (1991) to develop models of soybean, maize amghgor growth respectively. It
has also been used by Jensen (1968) and Stewalt (1977) to calculate decrease in yield in
respect of water stress.

The advantages of such an approach is that it is often simplgaick and is most useful when a
prediction of yield is required (Robertson and Foong 197&ll gt al. 2004) or if an interpolation
between various measured points i.e for analysing intenalnrariability of regional production
(Goetzet al. 2000). As mentioned in Chapter 1, regional estimates or ptiedi of crop yield is
critical for many applications such as decision supportesys, food security warning systems,
food trading policy and carbon cycle research (&al. 2005). Predicting yield is not the only
application of empirical models, others include simulgtihe response of crop yield to fertiliser
application (Reid 202) and simulating structure or develept (Andrieu and Sinoquet 1993,
Sinoquetet al. 1998).

Semi-empirical models aim to introduce some level of gditgrthat purely empirical models
lack by incorporating some understanding of the processasvied in the modelled system.
In order to estimate growth (biomass accumulation) in anydden it is thought necessary
that the model takes into account the process of energy ptimorconversion and allocation to
dry mass. The Production Efficiency Model (PEM) (MonteittvyZis an earlier example of a
modular empirical model, than the Waggoner (1984) modeha#t the option of re-calibration
to new sites using data from remote sensing, which meangxtetsive field measurements are
not needed.
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The PEM was created after the observation by (Monteith 18v¥at)throughout a wide range of
crops and environmental conditions, the ratio of absoriggd to carbon assimilation over the
growing season is relatively constant. As carbon assimonast related to biomass accumula-
tion, crop growth can thereby be estimated from the amouabebrbed light. Using a satellite
derived faction of absorbed photosynthetically availabl#iation as an input within the model.
The model incorporates knowledge of the system by calagatry matter production according
to the amount of light received which is weighted accordimghie efficiency of radiation inter-
ception, photosynthesis and assimilation. This model ban be integrated during the growing
season to give final biomass which is related to yield (Moatiml. 1998). There are different
versions of the PEM model (CASA, GLO-PEM, TURC, C-Fix, MOD17 &tAMS for review
of all models see McCallurat al. (2009)), sometimes referred to as diagnostic models, a#lde
oped to monitor primary production by taking advantage afilable satellite data. It is impor-
tant to note that the modern PEMs should not be confused aitia experimental models based
solely on correlation relationships between spectral tage indices and crop yield (Goetz
et al. 2000). These models are now generally global and dependiheavspatial and tempo-
ral resolution. They typically consider GPP and NPP (nanhpry productivity) separately and
contain terms to describe plant respiration. TypicallyRteMS require inputs of meteorological
data such as radiation and temperature and the satelliseeddraction of absorbed photosyn-
thetically available radiation (FAPAR). In general all PERIMploy a similar basic methodology
to calculated NPP involving two steps. The first calculat®PGequation:2.2) and the second
subtracts autotrophic respiration (equation:2.3). \fmraamong the different methods generally
appears in the determination of LUE the use of scalars aratraphic respiration. Time steps
range from daily to yearly and spatial resolution from 1 kmi to

GPP = PAR+« FAPAR « LUFE x Scalars (2.2)

NPP =GPP - Ra (2.3)

GPP Gross Primary Productivity (gCryr—1)

PAR Photosynthetically Active Radiation (M3m

FAPAR Fraction of Absorbed PAR (dimensionless percentage)
LUE Light Use Efficiency (gCM3J?)
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Scalars Temperature (VPD) Vapour Pressure Deficit, etg (0-1
NPP Net Primary Production (gCin
Ra Autotrophic respiration (gCth

The modular structure of the PEM has enabled it to be adaptedher researchers, in partic-
ular by Prince (1991) who included different ‘stress’ fastavhich enable the departure from
maximum efficiency caused by physiological responses tditighenvironmental conditions.
Additional improvements have included making the light effeciency a function of tempera-
ture, water and nutrient stress and by combining the mod#l sdtellite data (Carnegie-Ames-
Stanford-Approach(CASA))(Pottet al. 1993, Fieldet al. 1995). The PEM is widely used to
estimate terrestrial ecosystem net primary productionRjNBlobal carbon cycle, (Pottet al.
1993, Fieldet al. 1995, Lobellet al. 1982-1998) and crop production at regional scale (Lobell
et al. 2003, Bastiaanssen and Ali 2003, Samarasinghe 2003)ndgiksitellite data.

The models mentioned so far are concerned with crop growdhhare been applied within the
agricultural industry to predict yield and within researtchaid in the understanding of global
carbon cycles, however their applicability within resdwaat the level of crop science is limited
as no real understanding of the biophysical processesctagled and the models are essentially
box models, whereby varying amounts of input are put intontioglel and an output generated
without gaining much knowledge and understanding of thé&esys involved.

2.1.1 Crop Development and Structure

Crop Development

Empirical plant developmental models simulate the pragmgphenological stages with time.
They predict harvest date and date of important phenolbgteges important for agricultural
management strategies, where certain inputs are requidgffiesent stages of plant development.
Within this review they are considered as an important camepowithin crop simulation models
rather than as a stand alone model due to their reduced applicwithin research and yield
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prediction.

Crop Structure

Empirical models of crop structure require data on the fdaggometric features. The architec-
ture of a plant plays a fundamental role in the acquisitiash@tocation of resources, tolerance to
damage and competition (Bloomenthal 1985). Such modelshwhtorporate the structure and
geometry are useful tools for plant scientists and teacinelbgology, agronomy, ecology, pest
management (Hanaat al. 2003, Room and Prusinkiewicz 1996, Prusinkiewicz 1998, iadd
Sinoquet 2005) and remote sensing.

In order to discuss such models it is important to firstly ustind the methods used to obtain
3D information and also the methods used to analyse the ddtaraate the models.

There are two main ways of collecting 3D data, contact andcmnact. Contact methods
capture individual data points whereas non-contact uséemative approach using point-cloud
measurements. In their simplest form, contact methoddvavesing a compass and ruler or
articulated arms where rotation angles are recorded (L&78)lor a pocometer which consists
of a tape measure to measure the distance and two protréactmesasure the zenith and azimuth
angle (Takenakat al. 1998). More popular contact measures include FASTRAK migB8&
digitiser (Polhemus Colchester VT USA). This uses a magrsggical receiver and pointer and
enables the user to record the 3D spatial coordinates ofdhmtgp within a hemisphere of 3m
diameter from the receiver. Individual plants are digitatconstructed by recording a series of
point co-ordinates and the relevant connectivity betwéenpbints. Disadvantages are that due
to it creating a magnetic field, it can be used outside but irearghouse the frames can disturb
measurements. The error in measuring spatial coordinatbeghe Fastrak-polhemus apparatus
was reported to be within 1mm in the laboratory (Moulia anddguet 1993) and about 1cm in
the field (Thanisawanyangkued al. 1997) for medium-size leaves.

The sonic digitiser GTCO Freepoint 3D consists of a hand-lpetdbe with 2 or more sonic
emitters and a triangular detector array with 3 microphonlsis necessary to calibrate for
difference in temperature and humidity in the air and is naatapted for greenhouse experiments
since they are sensitive to wind.
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A large advantage of contact points is that the points cambetated but the disadvantage is
that it disturbs the structure of which analysis and datangiog is being made.

Volumetric intersection is where the 3D scene is recongtdiby capturing the silhouette of
an object against a monochrome background, which is distedaduring analysis by chroma-
keying. This has been used by De Viggial. (2003) with chrysanthemum plants. This requires
the plant to be turned on a table and a silhouette createdferttedit angles of view. Problems
occur if there is too much occlusion and if the stems are tan tiihe movement of the plant
increases error, however reverse intersection (an aliegenapproach) can reduce such errors.
Once the 3D scene is obtained, points can be taken from tlgein&tereo Vision is an alternative
method which uses two camera’s set at a fixed distance froner@estom which 3D position
on the real word can be computed. It has been used by Ivanal (1995), where a canopy of
maize plants was reconstructed. This method has been atesbuiith high errors, new software
has led to less manual input. Structured light, anotherredtese, but which is not suitable for
complex planes, uses spacial light which is projected orotiject and from transformation of
the grid depth estimated. These methods require the plaris temoved from the field or for
the clearance of neighbouring plants within the field.

Recently laser profile scanners, such as the Polhemus Falst&&% meant that 3D plant data
can be captured holistically and without contact with theagy. The data acquired from the
laser surface scanners is in unordered point cloud fornty points collected only on the surface
of the object under study. A magnetic field is generated byctvitihe position of the wand is
determined at any time. Pressing the trigger causes a staofiired laser light to be emitted.
When the scan line is swept over the object, intersectionseofatser line with the surface of the
object (the profiles) are captured by video cameras mountaadangle to the laser line generator
on the wand and processed into data points by joining swdépsa non contact method and
therefore has an advantage over contact devices which etezaueasurement error if the object
is displaced during measurement and leads to smaller distéhse non-contact methods since
every single data point needs to be selected by the opefatbsadvantage is that since a green
surface will absorb light of any colour but green and lasgintliis relatively pure in colour not
enough of ared laser beam may be reflected from the objeceart/ed by the scanner camera’s
to calculate positions of data points. Options include gramthe laser to green rather than red,
which is expensive or using fine chalk and water sprayed ¢wepkant and left to dry. The affect
this chalk may have on the plant’s further growth and devalept has not be investigated.



CHAPTER 2. REVIEW 39

Recently image based, automated, non-invasive, and ngtnddgve high-throughput plant phe-
notyping platforms have started to be used to collect thia g@aprokiet al. 2012). These
platforms acquire and record large amounts of raw data wtachbe processed in two ways; 2D
image processing and 3D mesh processing algorithms, seekPapal. (2012) for an introduc-
tion into a novel mesh processing based technique for 3t plaalysis.

Various methods are also used to process such data to oba#inematical descriptions required
by growth models (Sinoquet and Bonhomme 1992, Drouet and$”2@003, Everst al. 2005,
Dornbuschet al. 2007, Dauzaet al. 2008, Zhenget al. 2008). The two main methods of
analysing this extensive field data in order to simulate stpcture are; reconstruction and
curve fitting.

e Reconstruction can be thought of as the simplest empirrogl structure model. Such an
approach requires large amount of data in order to reprdésanires of a single plant and
cannot be manipulated to simulate other species or usedddigtive purposes (Prusinkiewicz
1998).

e Curve fitting uses statistical methods to obtain a best fit mmdemeasurements taken in
the field. Stochastic and deterministic models can be aig&eisinkiewicz 1998).

These structural representations lead to models whichatie.sHowever a series of such models
throughout the development of the plant can give a dynamatupe’ of structural development
throughout a growing season. This method is resource iveensowever it does enable actual
plants rather than a stochastic instance generated frondalrtebe used in simulations.

This feature is important with regard to light interceptioecause the actual distribution of fo-
liage in space may be quite different from that describedHh®sotetical models whereby the
distribution of leaves is based on simple rules of phyllgt&&uch models have been used by An-
drieu and Sinoquet (1993) to derive gap fractions by imagdyais and also by Sinoquet al.
(1998) to compute attributes of light interception. Lintibes of such models are that although
very effective when light is assumed to be in one directionganditions of diffuse light the
models are unable to simulate the system as well, which i®llgm if used to derive canopy
reflectance data .
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Empirical models of crop structure and development, algfinoimited, have been of use to crop
research scientists and in particular to those that wisimttetstand more about light attenuation
within the canopy and also reflectance patterns for remaotsiisg studies.

Beyond the instantaneous description of canopy structiyrgamic structural models have also
been proposed. They enable the structure to grow using amamiset of rules or empirical re-
lationships between various structural properties whiohta reproduce observed plant forms at
different stages of growth. Examples of the relationshiygsrhodels take advantage of are those
between leaf length and leaf width, leaf length and relaiat insertion height (Esparet al.
1999). As an alternative to these empirical relations a sriles can instead be given and used
to ‘grow’ the plant structure for which L-systems have beslised. A description of L-systems
is given towards the end of this review, however for a dethiliew see (Prusinkiewicz 1998)
and references within.

In summary, the predictive value of empirical models can igh,Hbecause they implicitly take
into account all unknown affects (Marcebs al. 1998). They also have a short computing time
and usually contain few state variables and relatively ¢éaggtimate model parameters (Moulin
et al. 1998). However, empirical models require data to be caleat several intervals and
preferably during a number of growing seasons in order torbated. Not only is this process
resource extensive, but the resulting model is applicablg for the conditions under which
the data was collected, which makes them inherently lingheel to their lack of generality and
being difficult to scale and inability to be extrapolatedlug&tov and Topaj (2001) commented
that ‘Any attempt to extend the scope of an empirical modgbhd the events or conditions
for which it was developed and tested is not simulation baetsatation. Therefore the empirical
approach cannot be used with confidence as a method of §iciepgculation’. However, the
semi-empirical approach has been found to be extremelylaetl accurate and so have their
uses, however within scientific research limited undeditagncan be gained from such models.

2.2 Mechanistic Models

Mechanistic models overcome the main drawbacks of empmoaels, as they simulate the pro-
cesses governing canopy growth and development with arrstadeling of underlying physical,



CHAPTER 2. REVIEW 41

physiological and biochemical processes. The descripti@af of these processes and especially
their integration within a model at the same level of accyracan extremely difficult problem
with some phenomena, particularly of the biological nataa having yet been studied in suffi-
cient detail to enable such a level of integration to ocawstdad a mechanistic model which, for
example, aims to predict yield will be mechanistic only dawrorgan level processes, such as
photosynthesis, where the model will become empirical. Eog relationships are also used
where knowledge gaps may be present (Dourado-Nead. 1998). For these reasons as well
as the requirement of the developers to be skilled spetsafissarious branches of science, the
development of mechanistic models is regarded to be diféad is why there is still no complex
agroecosystem model that is truly mechanistic (Poluekialvopaj 2001).

2.2.1 Non-Architectural Models

Mechanistic crop models are generally driven by photosssith The rate of photosynthesis
depends on the amount of light intercepted and the efficiefdiis light to be absorbed and
converted to photosynthate. Leaf area is therefore an tapbconsideration as it directly af-
fects the amount of light absorbed and as such photosysthesi growth. The proportion of
photosynthate distributed to certain organs such a leates)s, roots and grain is dependent
on phenological stage. Therefore prediction of phenoklgstage is also of importance. Pro-
gression of phenological stage of winter wheat is dependenternalisation, temperature and
photoperiod, which also therefore have to be considereldinvihe model. Potential growth is
predicted usually over a time step of one day with limitingtéas, such as temperature, nitrogen
and water availability etc causing the expected respongenithe processes of crop growth.

Model Structure

In general mechanistic crop models have two components iohathe important processes,
mentioned, are described. These are plant and soil. BotiesEtcomponents have further sub
modules each of which deal with specific mechanisms. The suutes of the plant module con-
sider phenology (developmental stages), organ growthygehd formation and the sub modules
of the soil component consider root growth, water balandepgen balance and soil transfers.
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Most mechanistic crop models require the same inputs winiclude genetic information about
the cultivar reaction to certain conditions. Managemeiwhsas sowing depth and density and
environmental factors such as temperature and solar radiafThe outputs are usually yield
guality and quantity. The output is the quantification of\aground biomass usually in terms
of quality and quantity of yield. There are various mechanisrop models that simulate winter
wheat growth, such as AFRCWheat (Weiral. 1984, Porter 1993), CERES-Wheat (Ritchie
and Otter 1984), SIRIUS (Jamiesenal. 1998b), SUCROS (Spitteest al. 1989) and STICS
(Brissonet al. 2003a). They have each been built for specific purposes amndftre differ in
their calculation of various plant growth and developmenmaicpsses, however the structure of
these models is similar to the one described (Brisstcad. 2003b).

SIRIUS which is the simplest of AFRCWHEAT, CERES-wheat and SUSR@Iculates grain
yield and quality and nitrogen leaching and water and nérogptake and assumes the canopy
is a single entity, producing biomass as a product of liglit RRE (radiation use efficiency).
No calculation of yield components is included. By dealinghvieaf layers it avoids the need
to consider tillers and reduces the parameters requireddidsration. Biomass accumulation is
calculated from intercepted PAR (photosynthetic activBaton) and grain growth from simple
partitioning rules. LAl is developed from a simple thermiaié sub model. STICS was primarily
designed to investigate agronomic and environmental itspReh as leaching at regional scale
and is similar to SIRIUS in that it does not separate simdlgt®und biomass into organs and
biomass accumulation is a product of intercepted light ad& RSUCROS (Simple and Univer-
sal Crop growth Simulator) simulates growth (rate of dry maticcumulation) based ariO,
assimilation (photosynthesis) of the canopy which is a tiencof incoming radiation and light.
The rate of dry matter accumulation is a function of irradiaf temperature, crop characteristics
and water supply. After subtraction of maintenance resipina growth of leaf stem, root and
storage organs are simulated. Biomass partitioning dependrop development stage, which
is computed as a function of temperature only. Differenpsrocan be simulated by altering spe-
cific input parameters. Influence on respiration can alscnbkided by alerting environmental
conditions such as temperature.

CERES-wheat and AFRCWHEAT consider the separation of biontassaulation into separate
organs within the canopy. They both simulate the processapf growth and development by
including the timing of phenological events during the Idgcle of the crop and development
of canopy and the interception of PAR and its use to fix carbbithvis then converted to dry
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matter. They both include an algorithm to reduce potentiabpction via strategies of water
and nitrogen (effects of other nutrients such as potassirphiosphorus and effects of weeds
and pests are not considered although can be ‘added’ to tldelno Both models assume a
linear relationship between rate of crop development angpezature. AFRCWHEAT includes
the partitioning of photosynthesis, growth of leaf and stesenescence biomass accumulation
and root system dynamics and uses temperature to regutatehgrThis model has been used
to investigate effects of climate change at national scatk wses GIS technology. CERES-
wheat has been applied at regional scale to estimate yieldoaacasting and analysis of policy
guestions related to crop production and resource consamand at the farm level for decision
making and for multi year analysis for risk assessment. tisigry purpose was to predict
alternative management strategies and tactics that afielct at intermediate steps. It does this
by simulation crop yield and focus on 3 import stages of glgwiuration, rate and extent and
the stress influence on such process( in terms of water anoljéit). These are beyond its initial
goal which was to predict leaf number and sizes and quangifietic and climate interactions.

Harnos and Kovacs (1999) compared CERES-Wheat, AFRCWHEAT2, SRORnd SU-
CROS2 in order to select an appropriate model for climate gbatudies and found that al-
though CERES-Wheat and AFRCWHEAT?2 fitted the best with the héstbdata, used within
the study, that all models showed different sensitivityrigionmental parameters, creating dif-
ferent simulated yields for the climate scenarios. Fromséiresults no decision was made on the
most applicable model for this purpose and instead the uractes associated with using these
models, for such an application, were instead just higtdéighMore worryingly when Jamieson
et al. (1998a) compared CERES-wheat, AFRCWHEAT2 and SIRIUS usingrebdd UK grain
yields from well managed agricultural experiments, nonthefmodels were found to accurately
predict yield and substantial disagreement was found legivilee models’ predictions of both
yield and yield loss due to water limitation. This disagrestbetween the models predictions
was concluded to highlight the differences in the undegyypothesis in the models. These
comparisons highlight the fact that some models simuldterdnt aspects of plant growth and
development to differing degrees of accuracy and that theefscalthough mechanistic should
be used out of their ‘experimental scope’ with caution. lis study the ADEL-wheat model is
used with the main aim to parameterise the model structurpréalicting the EO signal, rather
than predicting yield directly, and so these weaknessesmmmmwith such models are not so im-
portant in the first instance. However, the improvement efrésponse of crop-growth models
to environmental drivers is clearly an active area of resear
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In general the models mentioned are constructed using metitamodels at the level of organ
growth, however as discussed when first introducing meshiamhodels, empirical relationships
are used, to describe certain relationships. For examplé®AR extinction canopy coefficient
in AFRCWHEAT?2 is set as 0.44 and in CERES to be 0.85. This codfti@ffects the rate
of dry matter accumulation and as such the allocation ofydgeskimilates to leaves. The use of
inaccurate coefficients within a relation affecting candpyelopment such as this, may possibly,
lead to errors on the estimation of biomass production @rd993).

It has been suggested that main parameters driving croptigimuld be replaced or updated by
estimations derived from remote sensing within the grovsagson (Mouliret al. 1998). The
methods and models used for this coupling is discussed troaeZ: 3.

A recent advance in mechanistic crop models is to considgeatthitecture of the canopy result-
ing in architectural which consider crop growth using engaif and mechanistic models. Such
models are refereed to as Functional-Structural models.

2.2.2 Functional-Structural Models (Architectural models)

FSPM are particularly suited to analyse problems in whidigpstructure of the system is an
essential factor contributing to the explanation of thedwatur of the system of the study. Ex-
amples include intra-specific and interspecifc competipbenomena, analyses of mechanisms
of physiological response to environmental signal thacfallocation of carbon and nitrogen in
the plant and exploration of alternative manipulation pknchitecture on production of fruits or
flowers. Functional-Structural models simulate a canogyseection of individual plants rather
than a homogeneous canopy in which horizontal heterogeaed plant to plant variability is
neglected. Important considerations within FSPM, are thebpment and geometry of organs,
carbon production and assimilation at the scale of the argdihe micro-climate and develop-
ment of organs can be considered new modules added to a deiteatural model. The addition
of a micro-climate model enables the micro-climate of dep&lg organs to be simulated. This
is important as light quantity at certain organs affect®oaravailability and photosynthesis and
therefore growth.

ADEL-maize (Fournier and Andrieu 1998) is one relevant eplnof a Functional-Structural
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models which take into account the micro-climate of the nggeOther examples do exist such
as LIGNUM (Perttuneret al. 1998, Perttunert al. 1996), Cotons (Jallast al. 2000) which
was derived from Gossyn (McKiniogt al. 1989, Watkinset al. 1998), AMAPHydro (de Reffye
etal. 1988), GRoGra (Kurtlet al. 1994), ADEL-Wheat (Fourniegt al. 2003) and ADEL-maize
(Fournier and Andrieu 1998)).

FSPM usually use L-systems to represent plant structuneebdescription is given below how-
ever for a more detailed description see (Prusinkiewic288).99

L-systems

L-systems are a language which use a collection of symboishwlihen set into a sequence
are referred to as a string. There are two main parts to anstenmy, the axiom and the set of
production rules. The axiom is the starting point on whick production rules are applied.
When production rules are applied more strings are produtediules can then be applied to
these new strings.

The advantage of using L-systems to simulate plant devedopm that they provide a modular
approach to the modelling problem which enables plants andpes to be described as a col-
lection of modules and the connections between these motlulee described (topology). Each
module, in the case of winter wheat, can be considered to bg/@mer, which consists of a
lamina (leaf and sheath), internode and apical bud, whexadt successive step (growth) a new
module is formed.

L-systems can be open or closed. Closed L-systems consglstrticture and its development
as always being the same over sequential steps, howeveemlopystems the development of
the structure between successive steps can be made dependeternal forces acting on each
module or the plant as a whole. The initial plant module ism&fd to as the axiom. At each step
production rules are applied, initially to the axiom, giginse to a new structure, to which the
production rules are then applied and this is repeated asseany.

In closed L-systems production rules contain an, only weaiement, so that for instance in the
case above, the bud may produce a new module only when threxl@saare already present. In
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reality this relates to tiller production, which in wintethwat generally occurs after three leaves
or more have been produced on the main stem. The geometampgers such as length and
width or diameter of organs and branching angles are alsesuio the production rules, all of
which result in a realistic 3D structural representatioraaiop. Probabilities can also be given
to each production rule, for example the death of a tiller roaly occur 90% of the instances it
is applied. This gives rise to non-identical plants andvedidor statistically observed differences
in the growth and development to be incorporated in the sated| canopy.

Simple development models belong to the simplest L-syst&mswvn as context free. This is
where a production rule can be applied to a module irresgeofiits adjacent modules. In more
complex models, context sensitive L-systems are used, iohvithe applicability or outcome of
a production rule depends not only on the module being repldaut also on its neighbours and
the external environment (Prusinkiewicz 1998). This iswfleature of L-systems for functional-
structural crop models which enables the simulation ofrimiation between plant modules (en-
dogenic) and also between plant modules and their microaté, such as light intensity or water
availability.

Mechanistic models of crop growth and development are smptr empirical models in that
they are more general, more applicable, and have the atwlitycrease the understanding and
knowledge of the canopy system. The downfall is that thewiregmore parameters which in-
creases computation time dramatically compared to thatgiigcal models. Non-architectural
models have however shown poor predictability in comparistudies. The new Structural-
Functional models are the improved mechanistic crop modeid are consequently a more
powerful tool. They enable light attenuation to be simudateoughout the crop, an important
resource to the plant which directly affects photosynthess well as competition and spread of
foliar diseases. Comparison or validation of architectanadels has not been as wide spread
as non-architectural crop models however the combinatitim mote sensing data has found
them to be a valuable resource.
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2.3 Crop Models and the Role of Remote Sensing

Remote sensing enables such extensive spatial and tenaadaado be collected with minimal
to no field work. Techniques to estimate vegetation charaties from reflective optical mea-
surements have either been based on the empirical-statiapproach that relates surface mea-
surements of canopy variables to single spectral refleesmorcvegetation indices (VI), or on the
inversion of a physically based canopy reflectance (CR) mgttaiborget al. 2009). A descrip-
tion of both vegetation indices and CR models is given belahlighting their advantages and
disadvantages.

Vegetation Indices

Vegetation indices are empirical models used within adfuica to extract biophysical properties

such as LAI (leaf area index, the ratio of green leaf area peEa af ground) and biomass from

remotely sensed images (from optical sensors) which in ¢tambe related to yield. The in-

dices are based on the observation that red light is stragggrbed by photosynthetic pigments
(e.g. chlorophyll) found within living plants, while nearfrared light either passes through or
is reflected. As such, on a satellite image, areas coverdd guden vegetation will be very

bright in the near-infrared, due to higher reflectance amg slark in the red part of the spectrum
due to higher absorption. Vegetation indices use a ratib®fte¢flected NIR and reflected RED
wavebands in various ways to obtain a value which is reptatiea to the amount of vegeta-

tion present. The most popular index is the NDVI (egn:2.4ymmalized difference vegetation

index, which calculates the difference in reflectance @idily the sum of the reflectance in both
wavebands. The value of NDVI can range from -1 to 1. A surfaith &/ low contrast between

the NIR and R channels will have an NDVI value closer to 0, esiirfaces of high contrast,

particularly green vegetetation, will have NDVI values rhutoser to 1.

NDVI = p(NIR) — p(RED)/(p(NIR) + p(RED)) (2.4)

where:

p(NIR) = Reflectance in the Near Infra Red

p(RED) = Reflectance in the Red reflected

In order to relate NDVI to parameters of interest, such as,lakl empirical model can be cre-
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ated by comparing actual measurements of LAl and observegunements of NDVI from one
or more sites over a number of growing seasons. By analybiagetiationship found between
NDVI and the parameter of interest a simple empirical model be created. This method is
suggested to be a useful, cheap and real-time method fomeomitoring. (A similar method is
carried out to obtain the relationship of back scatter t@pueaters of interest). In summary the
potential of VIs for the determination of crop parametergehbeen demonstrated in numerous
studies (Broge and Leblanc 2001, Colon#ial. 2003, Gitelsoret al. 2005, Tucker 1979)and
the simplicity and computational efficiency of the approagdkes it highly desirable for large-
scale remote sensing applications. However, a fundampraalem with the VI approach for
estimating biophysical variables is its lack of generali8ince canopy reflectance depends on
a complex interaction of several internal and externaldiec{Baret and Guyot 1991) that may
vary significantly in time and space and from one crop typentatlaer, no universal relationship
between a single canopy variable and a spectral signatordeecaxpected to exist. Consequently,
spectral reflectance relationships will be site, time ammg @pecific, making the use of a single
relationship for an entire region unfeasible (Baret and @191, Colombeet al. 2003).

Physically Based Models

Physically-based models have proven to be a promisingnaltige as they describe the transfer
and interaction of radiation inside the canopy based onipalgws and thus provide an explicit
connection between the biophysical variables and the garefl@ctance (Houborgt al. 2009).
Coupling these physical models of canopy reflectance witp orodels allows the crop model to
inform the canopy model which can be used to obtain parasetenterest from remote sensing
data. The two main methods of coupling the models are destbielow which are: (see review
by (Moulin et al. 1998) for more detail)

e Inversion of canopy reflectance model to estimate canopghas of interest, which are
then forced or used to recalibrate parameters of the cropeimeing optimisation tech-
niques.

e Coupling of the crop model and canopy reflectance model, ewatihe whole process
from canopy functioning to radiometric data to be simulaté€te parameters of the cou-
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pled models are re-calibrated to find the best agreementeeetwbserved and simulated
remote sensed data. @¥otet al. 2003).

The first method can simply involve using the estimated mpdedmeter inverted from satellite
images directly within the model, removing the need for ttegdesvariable to be modelled alto-
gether or if it is still calculated within the model to update The main drawback of such an
approach is that data (if used to run the model) is requirddeasame time step of the model,
which is usually daily. Problems arise due to cloud cover lamdtemporal frequency of satel-
lite images which reduces the sampling frequency of thisireq data. Interpolation of the
state variable over time can be used to overcome this prgbhdnch was a technique used by
Delecolle and Guerif (1988) who used high spatial resotutiatellite data over a wheat field
to improve predictions of ARCWHEAT to predict a yield estinwettiwith a reduced mean error
(Moulin et al. 1998).

In such cases where the variable is calculated by the mad&khe data from satellite images is
used to update the model, optimisation techniques are osglatéin the most appropriate value
of the parameter by comparing actual and modelled valuesedd of altering the actual state
variable, the model can alternatively be re-initialisetigneby the initial conditions of the model
are altered to enable the observed and modelled state ofdbe@ match (Maas 1988, Maas
1991).

The second method, the assimilation strategy, combines@raodel and a model of canopy
reflectance which using inversion strategies enables tleetdilse of radiometric information
to re-parameterise the crop model. Advantages of this ndedine that the predictions are con-
tinuous and not reliable on discontinuous data from remetssiag and that it permits a better
integration of both spectral and radar domains which is ebginterest when the cloud cover
limits the number of optical images @otet al. 2003).

There are many different types of radiative transfer or ggneflectance models which can be
categorised into turbid medium, geometric-pptical, radyand ray tracing models, of which

further description is to be given. These models work inedéht ways but share the same aim
to predict reflectance for a given canopy type. They use dgfarding the canopy as estimated
from the crop model to predict the reflectance from the canpersion of these models must
however be carried out if information about the canopy isecektracted from remote sensing
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images to be used within the crop models.

The method of inversion used depends on the complexity ofrtbdel to be inverted. Very
simple problems can use analytical methods but cannot liefas@on-linear model inversion.
Maximum-likelihood and least-square methods can be useddoe complex models with larger
parameter sets, however they are computationally experdacquemoudt al. 2000, Jacque-
moudet al. 1995). The most widely used inversion methods for the pralaé highly complex
models are LUT (Look Up Tables) (Combal 2002, Knyazikbtral. 1998a, Knyazikhiret al.
1998b, Weisst al. 200) and ANN (Artificial Neural Networks)(Bacowt al. 2006, Fang and
Liang 2005)

LUT inversion requires a canopy model and canopy reflectangdel to be run for various
scenarios of canopy development and structural and raditmpeoperties, spanning the possible
range of parameter space it is thought likely will be experexl in practice. The outputs of
these forward model runs are stored in a table, indexed byaheus driving parameter values.
Inversion is then simply a process of finding the parameteinste table which minimises the
difference between observed and the LUT-modelled refleetaalues. This enables a matching
process to be carried out when remote sensing data is adquites method assumes that the
behaviour of the canopy surface reflectance as observed dedellite images is unique to a
specific canopy structure.

ANN are software tools that mimic the way the way in which mmhation is processed in the
brain through a network of interconnected neurons (Rumtiétal. 1986) they work by learning
relationships between a set of input variables and outpuaas, the most commonly used
in Remote Sensing being the MLP, the multilayer perceptrBaret and Buis (2008) review
and compare approaches for inverting CR models to estimafghisical properties including,
iterative numerical optimisation, LUT and ANN. They condéd that ANNs are computational
fast, can incorporate a priori knowledge of canopy and emvirental variables and that they can
be tuned to estimate one or more canopy biophysical vasaiflanterest.

Look up table and neural network approaches both requirainiig database consisting of
canopy reflectance spectra together with the correspormoghysical variables, and their per-
formances rely on the training database and the trainingga®itself. Ideally, these approaches
should be learnt on experimental data which is not readidylalle for most places on the globe.
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The advantages of LUTs however are that the forward andsiseiprocess is separated and as
such the inversion is quite rapid and also that as develofsraard improvements are made to
the underlying CR model the LUT table can be recomputed andteddaccordingly. Overall
the choice of inversion is largely dependent on type of cgmeflectance model used.

The iterative optimisation approach facilitates a diresttieval of biophysical parameters from
observed reflectance without the prior use of calibratiotraining data of any kind. However,
this method suffers from its expensive computational neguent (Jacquemouet al. 2000)
making the retrieval of biophysical variables unfeasildelarge geographic areas. A limitation
shared by all of the physically based models is the ill-possdre of model inversion (Atzberger
2004, Combal 2002); the fact that different combinationsasfapy parameters may correspond
to almost identical spectra. This makes the choice of th#gainparameter values important,
and some regularisation of the inverse problem may be redumplying the use of a priori
knowledge or information on the spatial or temporal vatigbiof key canopy parameters to
constrain the inversion process (Atzberger 2004, Comba2P00e crop-specific sensitivity of
spectral reflectance relationships to canopy geometry kgafjangle distribution and clumping)
and leaf properties (e.g. dry matter and mesophyll stregtand the site-specific sensitivity to
atmospheric and background influences must be properlyated for in order to apply spectral
reflectance relationships for the mapping of LAl and Cab (&#drophyll a and b content)

An important aspect of having an explicity defined 3D desmipof plant architecture within a
canopy is that it can be used to reduce effectively the paemspace in the inversion algorithm.
In effect by using a 3D representation of a particular planset of plants) we are defining
constraints on inversion, further, if the 3D model is dynaini a way that can be related to the
time interval between sets of remote-sensing observatibes time development can be used
as a further constraint (Lewis 2007).

Although the computational cost is higher than using simafelytical models, the advantages
are that structural influences can be explicitly invesgdadnd that the derivation of models is no
longer reliant on making assumptions purely for mathemahtionvenience.

Both FSPM and empirical structural plant models providdisga images of structural rep-
resentation for part vegetation canopies. These can beaffatdively to restrict biophysical
parameter spaces to feasible ranges of conditions andemnhdependencies between canopy
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structural variables. They also have the great potentiaini@grating optical and microwave
remote sensing data as they can provide a common structsikefoamodelling both regions of
e, spectrum.

2.3.1 Canopy Reflectance Models

Dansoret al. (2003) summarised that canopy reflectance models are a &kintmvestigating
the factors that control vegetation canopy reflectance dtiesir ability to simulate a wide range
of canopy structures, leaf optical properties and measan¢monditions. A variety of canopy
reflectance models exist all of which attempt to describesttatering and absorption mecha-
nisms in vegetation canopies using the radiative trankfsry and differ mainly in the way that
the canopy structure is described (Espahal. 1999). As Baret and Buis (2008) state ‘a com-
promise should be found between the realism of the deseniti the canopy structure, and its
complexity’. This is due to the observations that a moreisgaldescription of canopy architec-
ture requires a greater number of input variables and wilkkd@putationally more demanding
yet will not necessarily improve the performance of the mode

Turbid Medium Model

Turbid medium canopy reflectance models assume the canopg tolayer or layers of ho-
mogenised scattering medium, each consisting of randorménted and scattering leaves. They
simulate the reflectance from the canopy by consideringdivedf conservation of energy be-
tween each layer and using data that can be acquired usipgrwdels. In the case of horizon-
tally heterogeneous or discontinuous canopies such asfromps, or chards with isolated tree
crowns, the turbid medium analogy is not considered apipléchecause foliage enclosures are
not finite (Kimes and Kirchner 1982, Kimes 1968). The SAIL reb@d/erhoef 1984) is based on
the turbid medium concept, where the vegetation canopynsidered as a homogeneous layer
characterised by leaf area index, leaf angle distributsmil, reflectance, diffuse skylight and il-
lumination and viewing angle. In an extended version by Andet al. (1997) the specular
reflectance and transmittance of the leaves was included.
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SIRASCA (Sinoquetet al. 1990) is another turbid medium model which aims to compugflet i
partitioning in mixed canopies. It is assumed to provideusate estimates of light interception
and has been validated on a large range of canopies and aststagther models (Sinoquet
et al. 2000). This model computes light interception in multigpeacanopies from its LAI
and mean leaf inclination angle. SIRASCA was set within a payeBarillot et al. (2011)
to gradually account for vertical heterogeneity of thedgk i.e canopy described as one, two
or ten horizontal layes of leaves. The conclusion of thestoeing that the turbid medium
analogy could infact be successfully used in a wide rangaobpies. However, a more detailed
description of the canopy is required for mixtures exhitgtivertical stratification and inter or
intra species foliage overlapping and therefore archit@ttmodels remain a relevant tool for
studying light partitioning in inter cropping systems tleahibit strong vertical heterogeneity.

Geometrical Models

These models describe the vegetation canopy as a colledftggometrical objects for which the
surface properties are known. Scattering within the objectalculated using beers law or some
other model of attenuation. These models take into accdwautasving within the canopy. Their
application is most frequent within the modelling of treesdnd Strahler 1985) and no work
could be found in relation to modelling winter wheat cangpie

Hybrid Models

These are semi-empirical models that combine the benefiisarhetrical models, which include
their inherent ability to describe the discrete nature stdntinuous canopy with a Radiative
Transfer approach to the scattering within the objects.

Radiosity Models

The radiosity approach takes into account detailed cantvpgtare, but divides the canopy into
small elementary plane surfaces or ‘patches’ each with aacésted emissivity and reflectiv-
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ity. The idea is that each patch exchanges radiation witbth#rs. This approach enables the
shadowing of leaves to be taken into account and also the rmeduadiation received that has
come from other leaves. This method is computationally d#tsiough a downside is that is as-
sumes lambertian surfaces. Specular surfaces have hob@seiincluded in this type of model
but result in high computation (Rushmeier and Torrence L9BOANA (Goel et al. 1991) is a
radiosity based model which has been shown to demonstraté areordance of analytical CR
models in the case of a random canopy.

Ray Tracing

Ray tracing models are developed from computer graphi¢sitgues and are based on the con-
cept of tracing photon paths through a scene, defined by dete@D description of canopy
architecture, either from source to observer (forward raging) or from the observer to source
(reverse ray tracing). The radiometric properties of thgects in the scene determine whether
the photons are absorbed or scattered at each intersethentotal scene scattering is deter-
mined by summing many such photon paths, usually via MontéoGampling. Disneet al.
(2000) review the various options for MC ray tracing in capapplications. These models also
use detailed architecture of the canopy structure and leaécthe intersections of rays fired into
the 3D scene. The objects within the scene determine whitbgrhotons are absorbed or scat-
tered at each intersection. This method can use realistgé® or static empirical models of
the canopy. Large computational times are associated wigintodel especially when diffuse
scattering is simulated (Govaedsal. 1996).

SAIL (Verhoef 1984, Verhoef 1985) is the most widely usedidrmedium model and has
been combined with non mechanistic crop models (and PROSPEQ@ICrease the accuracy of
the model by using remote sensing data. Bagted. (2001) combined AFRCWheat and SAIL
and found that only by updating the model later on in develepimvith the use of remote sens-
ing data that LAI prediction was improved. This is not of grealue for farmers as at this late
stage in development no methods exist to aid in increasmgitid if it predicted to be reduced.

However, it can help to produce a more accurate yield mapwisiof use in precision farming.

Combination of crop models with both microwave and opticala@y models has also been
carried using the STICS crop models, and the CLOUD and SAIL aeftece models (Brot
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et al. 2003). It was concluded that the introduction of opticakbdatd to a clear improvement
in the prediction of LAl and above ground biomass but thatitfdusion of RADAR data had
little impact on the improvement of prediction. However iasvconcluded that this may have
been because of the high quality and quantity of optical aeaflable and as such suggested that
the inclusion of both data sets is possible and that wherdatouer does not permit optical data
collection, then inclusion of RADAR is of interest.

Overall the inclusion of remote sensing data with crop medias been shown to improve the
accuracy of predictions, if only the yield. These examplesmhowever use non-architectural
models and turbid medium canopy reflectance models. The ioatin of architectural models

and ray tracing canopy reflectance models does, althouglhenaymputationally more exten-
sive, seem the way forward.

2.4 Discussion and Future Progression

As illustrated, there are a vast array of crop models avelaicluding a significant number

specific to winter wheat, many of which consider the canopgegamne or more homogeneous
layers of vegetation. In the case of intensive farming, fifisation is not rare, due to the high
inputs used during the growing season. However as mentioneltiapter 1, the environmental

and financial impact of such farming practises is consideraid that in the future more sustain-
able practises should instead be considered. If this issishdlee future of farming as suggested,
then models that can cope with heterogeneity are requiredct8ral-functional models are as
such, incredibly important. As a consequence of considdahe 3D structure of the crop, plants
competition, foliar disease and many other important f&cteithin crop science can also be
investigated, simulated and predicted requiring lessuesoexpensive field trials.

One main consequence of incorporating structural devedmprsing biological rules into a

crop model is the ability to couple the model with remote semdata using Ray Tracing canopy
reflectance models. This is a powerful model that uses lgg®=inations in the calculation of

the canopy reflectance compared to other methods mentiaretbdhe structure of the canopy
being described explicitly.
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The coupling of a structural-functional model and ray tngctanopy reflectance models in both
the optical and microwave is an important and powerful toihin agriculture and especially
within the UK. It enables crops growth and development toilmeited throughout the growing
season with regular updates from both optical and microwdata regardless of the weather
conditions.

ADEL-wheat, a functional-structural model of wheat and DR#ray tracing canopy reflectance
model and PROSPECT a leaf reflectance model are combinednwitk PhD, to create a pow-

erful and useful tool for the prediction of canopy charastezs. The models combined have
been introduced and an overview of the alternatives gives.thought however that these mod-
els, and their combination not only give a greater undedstenof the system but also a more
accurate prediction of the state of the crop throughout ldgveent. A description of each model
is given in the following chapter 3

The phenology chapter looks at the trend in final organ lengtgr phytomer rank for various
genotypes of winter wheat and for two genotypes over tworenmental conditions. This is a
purely empirical relationship implemented within ADEL wate The final number of leaves on
all stems is investigated over the different genotypesedtigation into any linkages between
the pattern over different organ types. It is also discussetis chapter the idea of modelling
tillers are delayed main stems, which enables tillers tornmuded within the model with a
simple parameter describing the delay in phytomer numlveaddition, leaf appearance rate is
compared between genotypes and also to confirm the idedeo$ tileing delayed main stems.

The Architecture chapter looks at 3D leaf shape, which istfdrib curvature and phyllotaxy of
two different genotypes and 2D leaf shape for various ggrestyand ranks of leaves. Observa-
tions are implemented into the ADEL model and it is paramsteraccording to two genotypes
and compared against radiometric observations.
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3.1 Overview of ADEL-wheat

In the previous chapter emphasis is placed on the advantaigeéanctional-Structural models
compared to non-architectural models. Discussion is aisemgon canopy reflectance models,
favouring Ray Tracing models for this highly complex systéfithin this chapter the crop model
ADEL-wheat is described.

ADEL-wheat is a 3D dynamic model of the above ground growtth development of wheat,
from emergence to heading, based on thermal time steps. sljppverluced as part of an ESA
(European Space Agency)(Fournadtral. 2000) funded project. It was during this project that
it was adapted from ADEL-maize (Fournier and Andrieu 1998)the primary purpose of be-
ing of use within remote sensing studies. The underlyingpmnale of the project was based on
answering the question ‘if exploitation of remote sensiatadcan be made more robust by us-
ing physically-based models for the reflection and scaitedf radiation from vegetation and
soil’, it was also to investigate whether such ‘models eaablink to be built between radiation
measurements and quantitative estimates of vegetatios@hdharacteristics’ (Fourniegt al.
2000).

The model can be considered as two L-system models (plsydeahd field.Isys), the first de-
fines the growth and development of wheat and the second anégstructural arrangement in
a virtual field which is necessary for radiometric simulago These L-systems use three pa-
rameter files, the first of which documents physiologicalrabteristics (physio.h) such as final
organ length, the second contains information on geona¢tieatures (geom.h) of the plants an
example being the midrib curvature of leaves and the thidedicated to the arrangement of
plants in the field (field.h) which includes the number of rdeée simulated (see Figure 3.1)

There are three steps within the model. The first convertdghgerature data into a useful
format to be used within the second step. At this second $teplant organs are generated
and aged accordingly (see figure3.2 for the rules used wiliénstep) and the final third step is
when the geometry of the organs is calculated and the tunskeuctions generated. It is at this
point that plants are organised into bounding boxes foriefitcray tracing. Turtle instructions

work slightly differently from Cartesian geometry (x,y) indt they are vector-based, so relative
to direction and distance from its current position. The akthis turtle is common within L-

system modelling (Prusinkiewicz 1990). The field.lsys s $lecond L-system within the model.
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Figure 3.1: Structure of ADEL-wheat model. Boxes are for executabigle sheet for input files and
multiple sheets for output files. Reproduced from (Fourateal. 2000) pg 92.
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Figure 3.2: Flow diagram showing the qualitative transformations of the madart& the conditions for
these transformations to apply. Reproduced from (Foureiexd. 2000) page 94.
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This places the cloned plants in the virtual field, the sizédimensions of which are determined
within the setup.dat file. A file containing turtle direct®are constructed at each time step. The
thermal interval between each time step and the number efsteps can also be altered within
the shell script.

There are two outputs of the L-systems, one is a text file @ointpa string of modules describing
physiological parameters only and the other are files detathe output from the geometrical
calculations and the turtle instructions for generatindpa&presentation of the modelled crop.

Below is an example of a string describing a fully grown laaiiThe string within the brackets
detail the plant no (1), axis rank (0, main stem), organ ifieation number (1) and phytomer
rank (2). This is followed by physiological parameters whare needed to describe the lamina.
These include information on the final length (8.4322), asted sheath length (3.43) and max-
imum width (0.3051). The following three values are assecdiavith the age of the lamina and
the rest geometry parameters (which include the insertigea(70.0805), pcass (1, purely as-
cending), parabola top angle (10.2162), ellipse top argl@ (angular curvature of ellipse (60),
minimal length for a blade polygon to be represented (0 Zjnath (-33) and basal inclination

(0):

L(1, 0, 1, 2, 8.4322, 3.43, 0.3051, 0.1121, 266.3132, 4@568.0805, 1, 10.2162, -20, 60, 0.2,
-33,0)

The ‘L’ in the string above defines the organ the parameterdafining, so in this example a
lamina which has a ligule (so fully grown). Within Figure 3ffre is a list of the other organs
which are also described in this format.

Once this information is read within graphtal, another fieieated. Below is a sample of what

such afile looks like. This is also describing a fully growmiaa:

p 2100003003002 9 3-3.3566 -0.3761 10.9398 -4.1163 -0.2827%92 -3.2575 -0.6579 7.2705
p 2 100003003002 9 3 -3.2575 -0.6579 7.2705 -2.6863 -0.7585
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....additional information in the same format ended with..
p 2 100003003002 10 3-5.9827 1.7122 21.5975 -5.8966 1.6D.802 -6.0294 1.9246 22.1479
.... continued to describe the rest of the plant

Here the plant number is given (p 2) followed by a twelve digimber (100003003002) which
includes plant number, axis, rank and organ type. The nextiwnbers (9 3 or 10 3 in the last
line) identify which part of, in this case, the lamina thargiris describing. The two numbers, 9
and 3 highlight that the data on that line describes the maihqd the lamina and the numbers
10 and 3 that the data on that line is describing the tip ofdh@ha. The data on each line after
these codes are co-ordinates from which the turtle can eartghe leaf. The leaf is made up of
numerous triangles.

The files within the model that are discussed within thisighae; setup.dat, density.par, physio.h
and geom.h files. A description of each file is given below:

setup.dat

The setup.dat allows some model parameters to be easite@laecording to user preference.
These include plant and axis density, inter row spacing, bamof real plants (set as 9 plants
which are then cloned and randomly chosen to represent tieogg field size, thermal interval
(thermal time step at each model run), number of simulatigagnination period (thermal time
delay until germination). It also allows radiometric paetars to be altered such as the number
of rays per pixel and number of rows to view and image dimerssia pixels.

density.par

The density.par file lists the model parameters which diesdhe progression of final organ
length per rank for all organs modelled, stem angle, final lInemof leaves, the form factor
which is associated with leaf shape and discussed more iilose1.7, the delay in terms of
phytomer rank of tillers (discussed in section 5.2.4), #e&f hnd internode extension rate and the
phyllochron.
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Inclusion of coordination of plant growth and development

The initiation and extension of successive organ in grasdaghly coordinated and this coordi-
nation is taken advantage of within the model (Foureieal. 2003). The assumptions included
within the model regarding kinetics of organ extension aed bnce the collar on lamina rank n
appears, extension of sheath rank n ceases and lineariextefignternode rank n starts as well
as extension of lamina rank n+2. Another important featsrhat the duration of extension of
leaves and internodes remains constant between phytonierthe rate of extension is assumed
proportional to the final organ length which further redupagameters. It is well recognised that
the rate of these processes is dependent on temperaturthusnahy thermal time is used as the
variable to express the kinetics of development and ext@eSDEL (Fournieret al. 2000).
Thermal time

Thermal time often has a considerable advantage over thefusemal calendar time, partic-
ularly in analysing field data where the temperature vaniemfseason to season or from one
planting to another. Thermal time is simply a summation efcbmulative differences between
daily mean temperature and a specified base temperatureasnanits of degree days{(d).
The thermal time within ADEL-wheat takes into account tha finear dependence of the rate
of processes with temperature, so that a linear dependgassiuimed at temperatures below 17.5
°C and a greater dependence above such temperatures. Thalttienenconcept is commonly
used to assess crop development rate as impacted by teorpei@brdon and Bootsma 1993,
Shaykewich 1995, Saiyest al. 2009) and as mentioned is considered more accurate thag usin
the calendar-day method for estimating crop phenology éBatial. 1984, Russellet al. 1984,
Slafer and Savin 1991). There are different thermal time @f®dnd Mkhabelat al. (2012) has
compared five different thermal time models for modellingrsgp wheat phenological develop-
ment on the Canadian Prairies.

Organ dimension, another important factor within ADEL-wahds assumed to be similar over
all axes for each organ; sheath, internode, lamina lengthlaanina width. A developmental
shift, that refers to the delay in development of the addalaxes in relation to the main stem is
the only additional parameter required to model the finahorigngths over all axes.

2D leaf shape is assumed to be the same for all leaves regauafleank or axis and the ADEL
model assumes the &t model to be the most suitable The 3D leaf shape is siedilaing ei-
ther a combination of a parabolic and ellipse model or pupalabolic. Differences are assumed
for lower ranks of leaves, which are simulated with a biasams a combination of parabolic
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and ellipse. Higher leaves are assumed to be more parabotibape with less need for the
additional ellipse model for the tip of the leaf. The phydlry is assumed to not be regular with
leaf position and instead the leaves are categorised irde {#&ranks below panicle), middle
and upper (last three leaves). Each category of leaf, réggmadf axis is allocated a probability
of producing an opposite phyllotaxy pattern and a probigbdistribution function for azimuth
angle. The overall differences between the group are tledetives are shown to be less and less
spread from the base to the top of the plant.

3.2 Overview oflibrat MCRT model

Lewis (2011) is a monte carlo ray tracing simulation libra®CRT is a method of estimating
canopy radiative transfer. It uses stochastic samplingepbssible photon ray trajectories from
the source to the sensor, so in this case the canopy to theséakbr. It moderates the photon
attenuation at each ray interaction according to specifiaternal reflectance and transmittance
properties which are stored within the ADEL-wheat model and be adapted/updated easily
if field measurements are available. It has been tested didhteal against EO measurements
and other models and used for a wide range of EO applicatidisn¢y et al. 2006, Disney
et al. 2011, Hancoclet al. 2012). The object files are used from the ADEL-wheat model as
the input in this model with the output being files which camtaformation on the sunlit and
shaded reflectance and transmittance of the leaves andflietaace of the stem and soil. An
additional file is used to describe the sun angle at the tintkeobbserved measurements.
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Two field experiments were carried out at the INRA campus a¥ival-Grignon, Francedg °
51" North 1 ° 58’ East) during the years 2003-2004 and 2004-2005. Driftevarieties of winter
wheat were sown on silty loam soil (Typic Eutrochrept, Saingy Stafff, 1996, Silt70%, Clay
23%, Sand 7%) and their development monitored. Differepeemental setups were used to
address the key aims of the thesis during these two expetsnadditional data from a previous
experiment, also carried out at INRA campus of Thivervailg@on but not carried out by myself
is also referred to in section5.2.4 of Chapter 5. This expeninis referenced within this thesis
as Experiment 99, due to it being carried out in 1999.

This chapter gives a description of the data collection w#shused during these three field ex-
periments. General descriptions of the measurements maat=tiire specific data are given in
the relevant chapters that follow, but this chapter can Bermed back to if more specific details

of methods used to acquire measurements are required.

4.0.1 Selection of median plants

In all experiments, we were interested in obtaining an esiion of the dimensions of a median
plant, and not in characterising a mean plant, represgatafithe whole variability within the
field. We therefore always calculated the median of data (@idnean), and used sampling
procedures that almost always included a selection of thetplto be measured. For selecting
median plants, we measured two simple criteria on the estiraple and eliminated the ex-
tremes. One criterion was related to plant developmentr(timber of visible leaves and length
of the last visible leaf), and the other to organ dimensibe (€ngth of the most recent ligulated
lamina). In experiment 1 and 2, for the non destructively soead plants, we also performed a
post-selection of plants, by eliminating the few ones thatt produce the median number of
phytomers on their main stem. More detailed descriptionvsrgper experiment below
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4.1 Experiment 1

4.1.1 Aims

e Parameterisation of leaf senescence
e Parameterisation of profiles of final organ dimensions ajgihytomer rank
e Development and parameterisation of a 2D model for leafshap

e Characterisation of the plants’ 3D-geometry including pagterisation for the 3D form of
the leaf midrib.

e Comparison of parameterisation of the different genotypesder to
Verify that the same model is appropriate for all genotypes

Evaluation of ADEL-wheat (developed from a single experitrie 1999) against these
independent datasets. Analysis of the models’ parametecss several genotypes to
explore interdependence.

e To validate ADEL-wheat and the reflectance model againgonaetric measurements at
the canopy scale.

Parameterisation of leaf appearance and the profile of figalrodimensions was planned to be
carried using both destructive and non destructive measemes, however time limitations meant
that senescence was not parameterised within the scopes afidsis even though the data was
available. Scans of a range of lamina over various ranks@lected and used to investigate a
2D model for leaf shape. Digitising of the leaf architectigearried out within this experiment
to investigate the plants 3D geometry including the 3D forimthe leaf midrib and tiller and
main stem angles. Limited radiometry measurements areatell to aid in the validation of the
output of the ADEL-wheat combined within the reflectance sl@djainst observed radiometric
measurements at the canopy scale. Thermal time, necessamynpare observed and modelled
data is calculated from data collected within this experitngsing a combination of temperature
as measured in the canopy using the thermocouples and feometeorological station.
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4.1.2 Method

Ten different genotypes of winter wheat were sown in Sep&rbB03 using a precision sowing
technique, which aims to have precise, even spacing betimeendual seeds in the row. The
genotypes sown were Soisson, Isengrain, Caphorn, Armingactte, Recital, Florence-Aurore,
Recital, Thesee and Oratario. (A schematic diagram of argésed wheat plant is given in
Figure 4.1.) These were chosen due to being the more popematygpes used within European
farming. They were sown at high density 250p#/(250 plants per square meter). Each genotype
was sown in its own plot which consisted of eight rows. Betweach plot a gap of 30cm was left
bare to allow access to the plots (as illustrated in Figu2g 4 'he plants were grown under non-
limiting conditions of water and nutrients and were kepéefoé disease and weeds by appropriate
fungicide and herbicide applications. Soil and canopy teragre were monitored directly by
thermocouples and in addition meteorological data (aipemature at 2 meters, global radiation)
were registered by a Stevenson screen located no more ti@amé&@rs from the experimental
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Figure 4.1. Diagrams of a wheat plant. To the left shows the whole plant, imgutilers, lamina,
ear (head). To the right a section of the plant is shown including the internodde, collar and blade
(lamina).
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Selection of Median Plants

Median plants were used within the experiments describedinwthis chapter. The idea of
selecting median plants was to attempt to exclude variatitimn genotypes.

In experiment 1, all plants measured, except those of thalfstructive sampling, were selected
in the field at Haun Stage 5 (January). For the selection, weréindomly sampled 30 plants per
genotype and calculated the value of the two criteria forfitise€ and last quartile of the sample.
These values were then used to select and tag plants in tde fiek genotypes Soisson and
Isengrain, 20 plants were measured non destructively we&kim Haun stage 6 to flowering
and then destructively sampled. Main stem was measuredeowtible sample, whereas tillers
were measured on half of the sample. The same procedurereddar other genotypes, but with
13 plants measured instead of 20, and with a bi-weekly freque-or Soisson and Isengrain, 4
destructive sampling sessions occurred. The first one cett@t Haun stage 2, where 50 (non
selected) plants were measured. Other destructive sagnptiourred monthly from February
to May, where all axis of 20 plants per genotypes were medsufer other genotypes, 10 to
15 plants were measured at the first destructive samplirey datl 13 plants were destructively
sampled in February and March.

Tagging

Sixty median plants of each cultivar were identified and &bgn the third row in from the gap
between each plot. It was expected that the first 2 rows fraptth would be affected by the
edge effect, the 3rd row was chosen as it was not possiblatb ferther into the canopy without
damaging the plants. The minimum distance between the dgggats per row was set at 10cm.
This was to reduce the risk of damaging other plants to be anedsiuring sampling.

The plants were tagged using a small piece of wire coatedwt¥itte plastic that was manipulated
to produce a loop with a long straight end. The loop was plased the plant and the straight
edge used to secure the tag into the ground, as shown in Hg8iréd main stem leaf of each
tagged plant was marked so that when the plants were sub¥ggsempled, the rank of the main
stem blades would be easy to identify. This tagging proceasirmued throughout the growing
season. When the last tagged leaf started to senesce thethighking liguled leaf that was
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Figure 4.2: View of a plot containing one genotype of winter wheat. Selectslian plants are tagged
and marked with an orange picket
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present on all tagged plants for each genotype would thendnkad. On the initial tagging date
the leaf to be marked was placed through the white tag soghrasted on top of it. It was then
marked with a small black dot or some correction fluid as shimwrigure 4.3. Tillers of some of
the tagged plants were similarly marked although with défe coloured tags. Different colour
wire loops were placed over the tillers to represent theedifiit rank of each tiller. A blade per
tiller was also marked with its phytomer rank using a blackkeapen.

The sixty plants initially tagged can be thought of as thegs ef twenty. For plants of genotypes
Soisson and Isengrain ten of each of these sets of twentysghan their tillers tagged whereas
for the other genotypes only five per twenty were fully taggédvas due to time restrictions
and weather conditions that not all plants were re-taggedvak found that ten plants were
taking too long and not all data would be collected on all ggpes, this number was halved,
allowing a sufficient collection of repeated data per gepetsind could be collected within the
time available. In order to make the tagged plants easievdaté a fluorescent orange plastic
picket was secured into the ground near the plant. It wasredsbat these markers were located
far enough away in order to minimise the shading the planttastdrbance of the soil around it.
Figure 4.4 shows the field, once all plants had been taggesterdach orange marker represents

Figure 4.3: Photograph of a young wheat plant that has been identieal median plant. A white tag
has been placed over the plant. A white mark is also placed on one leafanartk of this leaf will have
been recorded.
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one median plant per genotype. The frequency and type oflsangtrategy applied to the sixty

Figure 4.4: An image of the experimental field (experiment 1). Orangets are placed next to each
selected median plants within the experimental field. These are the plantr¢haeasured throughout
development within this growing season.

plants varied and specific details of the methodology useglgaen in subsequent chapters.
Figure 4.5, gives an overview of how the tagged plants weargsad during the growing season.

Additional non destructive sampling for 30 and I3

- destructive measurements
destructive measurements, digitisation & leaf scan

E@@E‘gﬂgg

= | S

-non destructive measurements main sterm only
non destructive measurements all axes
sampled once a week

no pattern sampled at most twice a week

20 plants{

Figure 4.5: Schematic plan of experimental field for Experiment 1 shothiingumber of plants per geno-
type that are measured during experiment 1. Detail is given to how theasurements are taken (non-
destructive sampling or destructive sampling)(AP=Apache, AR=Armi@de-Ca Horn, FA=Florence-
Aurore, OR=Oratario, RE=Recital, TH=Thesee, SO=Soisson, |Sagsain, SO-=Soisson (no nitrogen),
IS-=Isengrain(no nitrogen))

AP AR CA FA OR RE TH S0 |5 S0 IS
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4.1.3 Measurements

Non-Destructive

Non-destructive measurements were performed weekly ootgpes, Soisson and Isengrain, and
fortnightly on the remaining genotypes. At each measurémaie the number of visible leaves,
number of liguled leaves, the length of the last visible @ad the length, width and percentage
senescence of liguled leaves was recorded.

Destructive

Destructive sampling was carried out 3-4 times during tloswgrg season, coinciding with digiti-
sation and leaf 2D shape measurements (described beloaddition to the measurements made
during non-destructive sampling the length of the sheatlsrgernodes were also recorded. The
length of the sheath being the distance from the collar ofmagomer to that of the preceding
one and the length of an internode being the distance bettixemiddle of the node of one
phytomer to the middle of the preceding node. These measntsnare illustrated in figure 4.7.

Digitisation

Digitising was carried out in the field using a digitiser anolif@mus software, (Adam 1999).
Figure 4.6 shows digitising in progress within the experiaé plot. Points were recorded up
the main stem with the position of liguled leaves recordeith wieir rank. Where internodes had
started to elongate the location of the node was also redoRignts were also taken along each
non senescing lamina of the main stem, with points recorddaeabase of the lamina (collar)
and then at 1-2cm intervals along the leaf until the tip. Tiuhigecture of the tillers and angle
from the main stem was measured for plants of genotype Soesd Isengrain again only non
senescing lamina were measured. Figure 4.7 is a schentasitation of where measurements
were made on the plant.
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Figure 4.6: Jillian Watt(on floor) and Jonathon Hillier(sitting on chair), digitisisgme young winter
wheat plants

Figure 4.7: Schematic representation of where digitisation measurementsmade on the wheat plants
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Table 6.3 documents the number of plants measured per genaty if the tillers were measured
or not. On the last sampling date, the plants of some genstypee removed from the field and
digitised within the laboratory, this was due to the wind imgvthe plants whilst measurements
were being taken. The data collected on tiller angle carresefore be used for analysis of tiller
angle.

| |SO[IS|[AR|CA|FA |OR | RE]
Date1] 20[ 20| 15[ 13| 8 | 13| 13
Date2| 19|20 12 13| 13 | 13 | 13
Date3| 15|/16| 8 [ 6 | 13 | 13 | 12
Date 4| 14| 16

Table 4.1: Summary of the number of plants per sampling date per gendigpised. Digitising on
the main stem and tillers was carried out on Soisson (SO) and Isengi@jrplants and for the other
genotypes, the main stem only.

Leaf Scan

Lamina were removed from plants that had been destructsatypled. Non damaged lamina
or those that had minimal senescence were then placed on &éd @f paper with the base of
the lamina located at the top of the page and the tip at thernattaking sure the lamina ran as
vertical as possible, as shown is Figure 4.8, (this is a requent of the software used to analyse
lamina shape). They were scanned using a flatbed scanneheugihtp software (GNU 2002)
used within the subsequent analysis. Gimp is a softwardalese at INRA-grignon (Dornbusch
and Andrieu 2009). Main stem and tiller leaves were scanred fenotypes Soisson and Isen-
grain whereas only main stem leaves were scanned from osinetypes. At each sampling date,
the number of leaves scanned per relative phytomer rank amotgpe differed, due to the qual-
ity of the lamina. At least ten lamina per phytomer rank paragpe were, however attempted
to be scanned.
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Figure 4.8: lllustration of how lamina were layed out to be scanned
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Radiometry

Radiometric measurements were made over the canopies ofypels Soisson and Isengrain
at several dates during the growing season using an ASD3peld PRO(ASD Inc., Boulder,
CO., USA). The Analytical Spectral Devices (ASD) is a backpamunted instrument which
allows with some ease collection of high resolution soldleactance, radiance and irradiance
measurements with a 350-2500 nm spectral range and a fieléwfof three degrees. As itis
backpack mounted one person wore the instrument and tookurezaents at shoulder height
(approx 150 m) whilst the other held the white reference patéch was used after every three
measurements. Ten horizontal hand held canopy cover pltagtiog were taken on the same day
or the day after radiometric measurements of each canomy Were taken at random locations
within each plot during cloudy or overcast parts of the dayvoid shadowing. It was also
ensured that they were taken parallel to the rows with twerindws present. The radiometric
data collected was limited due to resource constraints. sem®nd experiment however was
designed to overcome the limited radiometric data coltetghin the first experiment.

4.2 EXxperiment 2

421 Aims

e To construct a comparable data set to Experiment 1 to testdar-to-year variation in
parameterisation.

e To validate ADEL wheat and the reflectance model againsbradiric measurements at
the canopy scale (repeated as limited radiometric data isasned during Experiment 1).

The final organ measurements collected throughout thisrempat are used to construct a com-
parable data set with experiment 1. This enables year-do-yaiation within genotypes when
considering parameterisation of final organ length and tbpgsed tiller delay parameters used
within the ADEL model. Specifically within this experimerihe additional data on presence
and absence of tillers is used to develop and improve paeaisation on tiller presence and
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abortion over thermal time. Radiometric measurementsgusia GER1500 and also from the
Skye sensors is used in the validation of the output from tmhsnation of ADEL-wheat and
the reflectance model against observed oradiometric measunts at the canopy scale. Canopy
cover photographs, leaf moisture content (dry weight), leectance and chlorophyll data are
collected to aid in understanding any discrepancies fowgtdiden observed and modelled ra-
diometric measurements. The non-destructive and desteutieasurements are also of use for
this purpose as the age of the plant at the time radiometrasorements were obtained can be
estimated.

4.2.2 Method

Two winter wheat varieties, Soisson and Caphorn were sowrctol§gr 2004 using agronomic
sowing techniques at density 250pF. The plots were 30 m by 30 minstead of long rectangular
plots as used in Experiment 1. Nitrogen, herbicides anditushgs were added when necessary
so growth and development were not inhibited. Irrigatiorswat required as the experiment was
only due to continue to mid-May.

The genotype Soisson was chosen to be measured as a sabstendunt of data has been
collected on the growth and development of this variety dkerlast few years. Caphorn was
chosen due to the difference in its structure compared totgpe Soisson. It is erectophile,
whereas Soisson is more plagiophile in structure.

Due to available resources a maximum six week sampling gpevas available for the measure-
ments to be recorded in Experiment 2. As such, the time of yeahich rapid growth occurs
was chosen to be the most optimal period in the growing setsohtain measurements. This
rapid period can be described as begining at the onset ahode elongation on the main stem
and finishing at the appearance of the flag leaf ligule on @bkaxas chosen as the. In addition
to this sampling period, crop development was measured S@mmuary up until the beginning of
this six week sampling date by Alain Fortineau, a Senior hehn at INRA Grignon, which
helped to identify the start of this sampling period and &lisabled certain early plant phenology
data to be obtained.
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Median Plant Selection

In Experiment 2, 30 randomly chosen plants per genotype megesured non-destructively from
Haun stage 5 to flag leaf appearance. Dimensions of final degaths associated with the main
stem were measured on all plants through out the period,e@sehe dimensions of final organ
lengths associated with the tillers were measured on afitplantil the start of stem elongation
and on the 15 plants whose criteria was in the inter-quarnirval of the sample afterwards. For
each genotypes, 10 of these plants were destructively mezhsne week before the end of the
period, and 15 were destructively measured at the end ofdhed For Soisson, two additional
destructive sampling occurred, without selection, at Hatage 2 (30 plants) and Haun stage
5 (10 plants). For Caphorn one additional destructive sargpdiccurred at Haun Stage 2 (30
plants).

Tagging

Plants to be measured per genotype were chosen using a&dtfeampling strategy than the one
used in Experiment 1 which meant that no criterion was sat#®chosen plants prior to tagging.
Instead thirty plants on the same row for each genotype vegygeid on the third row in from
one set of tractor marks left from sowing. The third row inrfreéhis gap was, as in Experiment
1, used so that the plants measured were not affected by gjeeedidct. The plants chosen, per
genotype, were approximately 30 cm apart and were tagged asivhite tag and orange marker
as in Experiment 1. Correction fluid or black marker pens wetaused to mark the leaves as this
was found, in Experiment 1, to cause localised senescertbe t¢aves. Instead different colour
wire was twisted loosely around certain ranks of leaves ger @uring the plants development
in order that phytomer rank and axis rank were able to be ifiethtat each subsequent sampling
date. During subsequent weekly sampling of these plantd)din Fortineau, fifteen plants that
did not display abnormal development such as, behind orchimedevelopment were identified
as the median plants.
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4.2.3 Measurements

Non-destructive

Weekly non-destructive measurements were made on all 3@sdfimm January 2004, with mea-
surements made on the identified median plants up until #reaftthe six week sampling period.
During this period of sampling all thirty plants were measiiat each sampling date, however,
on the 15 chosen median plants, measurements were madessesivhereas on the remaining
15 plants, measurements were made on the main stem only. @asunements taken included
those recorded using non-destructive sampling during Exgat 1, which were; the number of
visible leaves, number of liguled leaves, the length of #st Vvisible leaf and the length, width
and percentage senescence of liguled leaves. In additdnvhare possible, the absence and
presence of tillers was also noted on all thirty tagged glant

Destructive

At the beginning of Experiment 2, plants were tagged in aedd#it location from those on which
non-destructive sampling was to occur. However, due to tomestraints in the months before
the sampling period, some of these plants were not re-taggeds such, the rank of the leaves
were unknown during the six week sampling period. In additio previous experiments within
the same area of the field, variations of nitrogen had beeheapand had altered the growth
and development of the plants within this experiment reindethem unsuitable. Destructive
measurements were to be made on these additionally taggets phowever for the reasons
mentioned this was not possible. Instead, fifteen non tagteds were used at the beginning
of the six week sampling period, per genotype, and at the thed30 plants that had been non-
destructively sampled were sampled destructively. Theesareasurements were made using
non-destructive sampling but, as in experiment 1, alsaugted the length of the sheaths and
internodes.
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Leaf scan

Leaf scans were made on lamina from the main stem and tilleewlestructive sampling took
place using the same methodology as Experiment 1.

Digitisation

Digitisation of both genotypes was intended to occur at ggirning of the six week sampling
period and at the end, however due to weather conditions@mmyset of data was obtained for
genotype Soisson (two were obtained for genotype Caphorhg plants that were due to be
digitised were the additionally tagged plants, howevertlfigr reason mentioned they could not
be used. Instead representative plants were chosen awaytfese affected sites and non tagged
plants digitised from the top of the plant down. This enaldadh lamina to be digitised and its
rank recorded as flag leaf, flag leaf -1 and so on. Tillers wée digitised, however the rank
could not be identified with a high degree of accuracy and stead identified as ‘non main
stem’.

Radiometry

Canopy cover measurements were made weekly before and dineiisgk week sampling period,
see Figure4.9 for an example. At each sampling date ten halddhlorizontal photographs of
each canopy were taken, each at the same location, which wd®dby a numbered orange
picket. During the six week sampling period canopy coversneaments were attempted to be
made the same day as radiometry measurements or if not feogwtday before or after.

Radiometry measurements, using a GER1500 with a viewintgari@ degrees, were taken as
often as possible during the set six week sampling period wéather conditions dictating the
sampling frequency. The GER 1500 (Geophysical and Envissriad Research Corporation)
is a single-beam field spectroradiometer measuring ovevitfilgle to near infrared wavelength
range. Radiometry measurements were taken on fully ovearadear sunny days of which
there were six during the sampling period. On these six dategever both measurements over
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both canopies was not always possible and as such each caaspampled on four dates only.
Radiometric measurements were taken at nadir angle of lastbpies and a bare patch of soil
each hour, throughout the day sampling occurred. If the hezadeteriorated during the day
measurements were only taken during one half of the day.

Additional radiometric measurements were taken of the pgrance the heads of the wheat
had fully appeared. The sampling involved removing the bezceach plant and the flag leaf
within a 2 m squared area and measuring the reflectance kaidrafter the removal at one hour
intervals during the day. A 2 m area was used as this was jggebthan the sampled area from
the radiometer.

A 2 channel Skye sensor (channel 1: 600-750 nm and channedD@-850 nm) was located
using a tripod approximately 2 m above the ground, over thpg of genotype Soisson in
February 2005 and left to monitor the crop signal during ttgweent, it was removed in March
2005 and placed over the Caphorn canopy for two weeks befang beturned to the Soisson
canopy in April. In April 2005 an additional 2 channel Sky@aser was located over the Caphorn
canopy and left until two weeks after the end of the six weekang period. Both sensors
were removed from the field in June 2005. Instaneous weath&littons were not measured as
sensors were operating throughout the growing season.

Leaf Reflectance was measured at the end of the six week seariod (by Dr.P. Bowyer
and Dr. P. Lewis). An ASD leaf clip device connected to an AS&Bswised to measure leaf
reflectance in the laboratory. Representative plants wi#hi m transect (along one row) were
taken from each plot and the leaves from the stems removech Eaf was labelled as leaf 1
through to leaf n from the first leaf at the top of the plantptigh to the last leaf at the bottom of

Figure 4.9: An example of a canopy cover photograph. This photo vkas ta January over a canopy of
Caphorn plants
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the plant. Due to the size of the port on the ASD contact priga@es (of same rank and species)
were taped together to provide an area large enough to fiddhgple port. Leaf reflectance and
transmittance measurements were then made at the basde nadd top of the leaf sample,
by placing the leaf sample between the probe and the pankbtmachd. The procedure was
repeated for both the abaxial and adaxial surfaces.For leatlsample (position on stem, and
section of leaf (top, middle, base)) up to 3 leaves were sathijolr each leaf position. Given the
heating of the leaves by the probe, together with the sizewipte required to fill the sample
port, it was not viable to make replicate measurements osdhe leaf sample.

Dry weights of the leaves were measured by taking a sampldéaotgfrom a transect of 1m
on one row from the field plots. Estimations of the densityewerade by counting the number
of plants within 1 m. The leaves of 20-50 of these plants wensaved and grouped per layer.
Each layer corresponded to the distance from the top of thema Leaves were scanned into
the computer by group and subsequently analysed to cadchiatsample surface’. Their fresh
weight was also measured before being placed in an oven fapdB. Once fully dried, their
dry weight was measured. This was carried out twice for bahogypes. The chlorophyll
concentration of a selection of these leaves was also nmeghsiging a chlorophyll meter ( spad
meter). Three measurements along the leaf (as carried othtefdeaf reflectance measurements)
were made. This was repeated Git* April, 28" April and the12t* May.
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Crop models are built for specific purposes and their strectund focus adopted accordingly.
This has led to a range of models simulating particular crpparticular aspects of the pro-
cesses involved in plant growth and development to be ated&ant architecture is generally
described within crop models using descriptive modelss$due to the regulatory mechanisms
that lead to the observed patterns of final organ length noglfelly understood. The descrip-
tive models used rely on identification and formalisatiorpafterns found in the architectural
traits of organs according to their age and position withia plant. Identifying these patterns
as stable relationships of organ dimension with positiat #re constant over a range of envi-
ronments has been the method used to build and parametatiiseetural models. This chapter
details work carried out to help validate or propose altBveanodels of organ dimension with
position. Comparison of data collected over various gerexygnd also between experiment 1
and 2 allows the opportunity to identify how constant thesatronships are. The overall aim
being to create a generic dynamic architectural winter wheadel with minimal parameterisa-
tion. There are many architectural models, currently dgwedl and being applied for a range of
purposes, however the furthering of this area of researtiimihe remote sensing area leads to
the need for more generic models and particularly thoseirieguess parameter inputs.

This chapter is focused on the phenology of wheat, which @aondnsidered as the pattern of
organ development. It is split into two main parts, the firstietn concentrates on the pattern of
final organ length and the second the pattern of tiller dgvalent.

5.1 Final Organ Length

In most architectural models, the pattern of final organ tkemg simulated using phytomer rank.
In ADEL-wheat the relative phytomer number (RPN) is used taled observed patterns over all
axes. The relative phytomer number is the decimal numbehgtigmers, characteristic for the
delay in development of each tiller (relative to the maimstadded to the actual phytomer rank.
This works where the pattern in final organ length is similaratl axes. For example if Tiller
two has a delay shift value of 2.7, this would mean phytomen 8Iter two would have a RPN
value of 5.7. The dimension of this phytomer would then haeperties similar to an imaginary
phytomer 5.7 on the main stem (Jochem 2006). Exceptionsvenvirave been highlighted, such
as with lamina width. For lamina width the normalised relagphytomer rank (nrpn) can instead
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be used due to a difference in lamina width over the lower qimgrs of the tillers and main
stem. The normalised relative phytomer number is the xagthytomer number normalised to
the number of leaves on the main stem axis.

In general for all organ types, there is a pattern of final tarwgith phytomer rank over different
densities (with the same species) and also between differep types.

Lamina length has been shown to increase in length over ptertoank until around the penul-
timate phytomer after which a decrease in length is expedibis pattern has been reported for
rice (Jaffuel and Dauzat 2005), maize (Fournier and Andii@89) and spring (Jochem 2006)
and winter wheat (Fourniegt al. 2003), but with the decrease in lamina length occurring at
differing phytomer ranks which for rice is dependent on tim@lfnumber of phytomers.

It has been observed for final internode length that only éisé 4-5 internodes (Fourniet al.

2000) extend significantly (over 1-2 cm) with the last exiegdnternodes increasing at a differ-
ent increment between phytomer rank compared to the imxtEnding internodes. This differ-
ence in rate of increase was only noticed between the finranotle and peduncle by (Fournier
et al. 2003) but Everst al. (2005) found in spring wheat that this change in rate occloreer

the last two phytomer ranks. In Maize a linear increase @rmtde length is observed for the
first five internodes that elongate but is followed by a motiedeecrease with rank for higher
internodes and that maximum length was dependent on gess(iAournier and Andrieu 1998).

Not as much work has been carried out on sheath length. Feemirheat it has been observed
that sheath length remains similar up until around RPN {ikedghytomer number) 5 after which

it increases linearly until the final rank (Fournier al. 2003). Everset al. (2005) found that
for spring wheat the pattern over phytomer rank could beebelescribed by a logistic sigmoid
curve, where the relationship between phytomer rank anatehength is an initial slow increase
followed by a rapid increase then over the final phytomersiareiase occurs again at a reduced
rate. For Maize the pattern follows a regular increase inl fieragth of successive sheaths for
the first six or seven leaves, followed by a moderate decriadaigher leaves (Fournier and
Andrieu 1998, Robertson 1994, Grant and Hesketh 1992).

The pattern of maximum final blade width has not been foundelulya single association with
phytomer rank in spring or winter wheat (Hotsonyame and Hi@®7, Everst al. 2005). It has
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however been found to be well correlated with sheath lengtenwsing a linear function. This
relation is used to model final maximum blade width and resuol& sigmoid curve that describes
maximum blade width as a function of phytomer rank becausatshiength was modelled as a
logistic function of phytomer rank. A sigmoid shape has desen shown by Pararajasingham
and Hunt (1995), who observed a similar pattern for main stefrseveral spring and winter
wheat cultivars grown at different photoperiods. Howegseme showed a decrease in maximum
final blade width over the top three or four phytomers andigthdinear function. This variability

in blade width has also observed by Hotsonyame and Hunt J1®8{ reinforces the idea of
Fournieret al. (2005) and Evergt al. (2005) that maximum blade width of Graminae cannot
be modelled solely as a function of RPN (relative phytomemhber) as it varies depending
on photoperiod, light intensity (Bost al. 2000), plant density and nitrogen level. Patterns of
maximum blade width of rice was however found over phytonagkrby Tivetet al. (2001),
where it is observed to gradually increase over phytomek eard then achieve a plateau for the
last four to five leaves.

Parameterisation of final organ length and leaf width as atfan of phytomer rank has been
established for the winter wheat genotype, Soisson (Feuenal. 2005). This work is based on

empirical observation of organ dimensions with relativgtpmer rank (and normalised relative
phytomer rank). Here, the aim is to evaluate the parameatesisgiven and attempt to generalise
it to a range of genotypes. We also aim to ascertain whetleeretlationships are robust for all

genotypes and if fewer parameters can be used whilst mainggihe most optimal models.

5.1.1 Materials and Method

Experiments

Wheat vegetative development was measured at the level wfdodl phytomer in 3 field ex-
periments during 3 growing seasons all within the INRA-INAResearch Unit Environnement
et Grandes Cultures of Thiverval-Grignon, near Pat&8%1'N,1°58’ E). Plants were grown on
a deep loamy soil under non-limiting conditions of waterig@tion) and nutrients (two nitrogen
applications were applied). They were kept free of diseaskveeeds by appropriate fungicide
and herbicide applications. Stem growth regulator wasiegph experiments 1 and 2, but not in
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the alternative experiment carried out in 1999. After pkamiergence, we verified that the actual
density conformed to the nominal density. In 1999 Soissamgvawn at two densities (250 and
70 plim?). In experiment 1, a panel of ten varieties, including Smissvere grown at standard
density (250 plh?). In experiment 2, two cultivars selected from the paneltfi@ir contrast in
architecture, Soisson and Caphorn, were grown at standasitgd€250 pli?). The experiment
in 1999 was not detailed within the methodology chapter iméRperiment the plants were sown
on the 15th October 1998 in a 10m x 60m plot (30m for each dgnsitganised in 5 band of
9 rows, separated by a 0.3 m interval. Within a band, inter-dgstance was 0.175m, whereas
inter-plant interval was adjusted according to nominalsikynin experiment 1, plants were sown
on the 16th October 2003, in a 100m x 100m plot, organised ipasals with similar character-
istics as those of experiment 1. In experiment 2, the wheatssa/n on the 26th October 2004
in a 30m x 30m homogeneous plot (without bands), with an4rderdistance of 0.14 m.

Measurements

Data collected methods can be found in the Methodology Chapt&ta came from either de-
structive (experiment 1), or a mix of destructive and nostdective samples (experiment 1 and
2). Destructive measurements allow for measuring all pimgtodimensions (internode, lamina
and sheaths) and the plant developmental stage. As leam@awmusly senesce and disappear
measurements on successive phytomers are performed dhgngeason on different plants.
Non-destructive measurements allow for measuring dathersame individual plant through-
out the season, but only lamina dimension and developmstaigé could be measured precisely
in the field. By destructively sampling these individualgla¢ end of the growing season, the
dimensions of all internodes could be determined, but dmydimensions of sheath for some
phytomer ranks. In experiment 1 and 2, these measuremergscampleted by a few additional
destructive measurements earlier in the season.

The following dimensions are recorded: lamina length (frootar to tip), lamina width at the
widest part of the lamina, sheath length (from the middléhefrtode to the collar) and internode
length (distance between the middle of two successive noddant developmental stage was
characterised by a slightly modified version of the decimaliflStage (Haun 1973). Here, Haun
stage is calculated by adding the rank of the last visibledkes the fraction of the lamina of that
leaf that is visible. This requires measuring, a posteribie mature lamina length, but avoided
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overlapping between Haun-Stages. For non-destructiadigiZfed plants, mature lamina length

was known for each individuals, and was used to compute Heages For destructively sam-

pled plants, we used the median value of mature lamina lengtead. For all non-destructively

measured plants, and for half of the destructively measpiaatts in Experiment 2, leaf and axis
were tagged to allow a non ambiguous numbering of phytoméraaes. This was achieved by
placing, early in the season, a non-intrusive loop of wigepht over the main stem and using ink
mark. The tags were updated regularly throughout the sed&smmon-tagged plants, phytomer
position and axis number were guessed with the help of tagtzed. This led to un-ambiguous

numbering, except for the last measurements, where antaiagrof 1 rank is plausible.

In experiments 99 and 1, air and soil temperature were cootisly measured in the field by
thermocouples. Thermal time (base 0) was calculated usatgtmperature of the soil as long as
the apex was in the soil (before stem elongation), and aipésature afterwards. In experiment
2, thermal time was calculated from air temperature regastéy a Stevenson screen, which was
positioned within 500 m of the experimental plots.

Data Collection

In all experiments, we were interested in obtaining an edion of the dimensions of a ‘median
plant’, and not in characterising a ‘mean plant’, repreatve of the whole variability within
the field. We therefore always calculated the median of datd (ot mean), and used sampling
procedures that almost always included a selection of thetplto be measured. For selecting
median plants, we measured two simple criteria on the estiraple and eliminated the ex-
tremes. One criterion was related to plant developmentr(timber of visible leaves and length
of the last visible leaf), and the other to organ dimensibe (ength of the most recent ligulated
lamina). In experiment 2 and 3, for the non destructively soeed plants, we also performed a
post-selection of plants, by eliminating the few ones thatdt produce the median number of
phytomers on their main stem.

In an experiment carried out in 1999, 60 (normal density) @(f8r the low density) randomly
chosen plants were destructively sampled e@8ACd, from Haun Stage 2.8 to flowering. Out
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of these, ten (at the beginning of the experiment) to fivel{atend of the experiment) median
plants were selected and measured. Half of the sample wamated using the developmental
criteria, and then the dimension criteria were used.

In experiment 1, all plants measured, except those of thalfstructive sampling, were selected
in the field at Haun Stage 5 (January). For the selection, weréindomly sampled 30 plants per
genotype and calculated the value of the two criteria forfitis¢ and last quartile of the sample.
These values were then used to select and tag plants in tHe fiek genotypes Soisson and
Isengrain, 20 plants were measured non destructively we#kim Haun stage 6 to flowering
and then destructively sampled. Main stem was measuredeonhble sample, whereas tillers
were measured on half of the sample. The same procedurereddar other genotypes, but with
13 plants measured instead of 20, and with a bi-weekly frequeFor Soisson and Isengrain, 4
destructive sampling sessions occurred. The first one cet@t Haun stage 2, where 50 (non
selected) plants were measured. Other destructive sagnptiourred monthly from February
to May, where all axes of 20 plants per genotypes were meadsti@r other genotypes, 10 to
15 plants were measured at the first destructive samplirgg datl 13 plants were destructively
sampled in February and March.

In Experiment 2, 30 randomly chosen plants per genotype megesured non-destructively from
Haun stage 5 to flag leaf appearance. Dimensions of final degaths associated with the main
stem were measured on all plants through out the period,e@sehe dimensions of final organ
lengths associated with the tillers were measured on afitplantil the start of stem elongation
and on the 15 plants whose criteria was in the inter-quarnitrval of the sample afterwards. For
each genotypes, 10 of these plants were destructively mezhsne week before the end of the
period, and 15 were destructively measured at the end ofdhedg For Soisson, two additional
destructive sampling occurred, without selection, at Hatage 2 (30 plants) and Haun stage
5 (10 plants). For Caphorn one additional destructive sargpdiccurred at Haun Stage 2 (30
plants).
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5.1.2 Data Analysis

Processing of the data involved excluding any non-deswicheasurements taken during the
growing season from an axis that did not produce the mediah fimmber of leaves. For de-

structive sampling this was not possible as the final numbégaves was not known, except
when destructively sampled data was collected on plantswvalideaves were present. Visual
analysis per organ type over rank was also made, any obvidiysrg data was checked for data
entry or rank allocation mistakes and rectified approplyate

The first part of the analysis is a visual check that the pefdeorgan length over phytomer
rank between axes can be accounted for by the parametenisatiorporated in ADEL-wheat
(Fournier and Bruno 2002). This involves (i) simply oveitaythe data collected on all axes and
visually checking that it superimposes when taking intooact a ‘shift’ parameter which is a
time offset and (ii) qualitatively checking whether thegaeterisation can be fitted to the change
in organ size as a function of phytomer number. From thisitpiade phase, it is concluded that
the concept of a shift can be kept (and in-depth evaluateti}hit in most cases, a more general
parameterisation of the change of organ size with RPN (velgthytomer number), including
additional parameters, must be proposed compared to thantly applied within the ADEL-
wheat model. An analysis of LAR (Lamina Appearance Rate) alleranks of all axes for a
range of genotypes is discussed in the next chapter to furthestigate and prove the idea that
tillers can be regarded as delayed main stems.

The second part of the analysis involves fitting consisteatlets profiling organ size for all
genotypes and years. The fitting of suggested models foragelm type is carried out using the
gnls function (Pinheiro and Bates 2004) in the free stati$fpackage R (R Development Core
Team 2005), which performs numerical non-linear regresaging a modified Newton-Raphson
method. Consistent models of organ type are suggested agdi tlittthe data collected on the
various genotypes during the three experiments.

Choice of Models

Figure 5.1 illustrates the model per organ type, with therdatlected from experiment two on
genotype Soisson (SO04). All final organ lengths are shownrguke relative phytomer number
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except lamina width where the normalised relative phytomenber is instead used. It can be
observed that the pattern of final sheath and internodeHemgir phytomer rank is the same on
all axes. For final lamina length and final maximum lamina tvitlte pattern of final length and
width differs between the main stem and tillers over the lotwemid phytomers but is shown to
be similar over the mid to higher phytomers. It is also obsdrthat the pattern of final organ
length or width is the same over all phytomer ranks betweertitlers. These patterns are the
same for all genotypes measured during the three expersnagit suggest that parameterisation
of final organ change can be fitted as a function of relativetgahgr number. By displaying
the data over RPN, it can be easily observed that the idea loiftacan be kept albeit slightly
modified for lamina width and length models.
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Figure 5.1: Final organ lengths per axis per relative phytomer numbezepilamina width, which is
per normalised relative phytomer rank collected. The data shown wasctadlen genotype Soisson
(S004). The model for each organ type is shown by a solid line, the paeasnof each model are also

shown. Observed data of the main stem is represented by black sdilkmesne, clear circles, tiller two,
triangles and tiller three by diamonds.
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Sheath length

The pattern is described using a ‘broken line’ model, cdimgjsof a plateau and two phases of
linear variation with leaf rank as shown in Figure 1a. Shdatigth of phytomer n of the main
stem, S (n, 0) is modelled as:

S1 forn < Ng;
S(n, 0) = S1 + i?’LCSl(TL — Ngl) for Ng; <n < Ngy (51)
Sg+in052(n—N52) for Ngog < n < NF(Z)

with

. 5 =5
st = Nga — Ng1
. _ Sp— 5
incgy = o))~ Nes

For tillers, i, the same model applies, but using the redgplkiytomer rank, n+ sh(i). The relative
phytomer rank is used thus

S(n,i) = S(n+sh(i),0) 1=1,2,3

The parameters of the model are:

Si, length of sheath at rank’s;

S, length of sheath at ranKs,

Sk, length of final sheath

Ng1, rank at end of plateau

Ngo, rank at end of first increment phase and beginning of second
Ng(i), (i=0-3) number of phytomers on axis i, where i=0 is theimstem
sh(i), (i = 1-3) phytomer shift between the main stem andttill

In the case of genotype Soisson at low density in experimegtwd successive slopes for the
increment of length were not observed; this can be seen asaaspase of the model, where
incsy = incgo ; practically, this was dealt with by fitting a simplified mddadéth only one phase
of linear increment.
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Internode length

The pattern of internode length as a function of phytomek rarcluding the length of the pe-
duncle, is shown in Figure 5.1. The internodes of the lowstqers on the main stem do not
extend and the internodes of the higher phytomers are fausgtend in two linear stages.

0 forn< Np
[<n, 0) = mc]l(n — N[l) for N <n < Npg (52)
[2+z'n012(n—N12) for Np<n< NF+1(i)

with constraints analogous to those for sheaths

For tillers, i, the same model applies, but using the redgpikiytomer rank, n+ sh(i). The relative
phytomer rank is used thus

I(n,i) = I(n+ sh(i),0) 1=1,2,3

Iy
Nip — Nn

mep =

Ipi1 —1Ip
NF+1(i) - NI2

ncpy =

The model's parameters are:

15, internode length at rank’;,

I, length of the peduncle

Np, the rank at which internodes start to elongate

Npo, rank at end of first increment phase and beginning of second
Npi1@), (i=0-3) final phytomer number per axis, where i=0 is the msém
sh(i), (i = 1-3) phytomer shift between the main stem andttill
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Lamina Length

The pattern of lamina length over phytomer rank was obsetvdx the same on all axes over
the top phytomers only. Over the lower phytomers the patthough the same between tillers,
differs from that observed on the main stem.

An increase in lamina length over the top five or six phytoniebserved to be of a similar rate
on all axes. Over the lower phytomers on tillers a slowerease in length is observed compared
to that over the higher phytomers. On the main stem an inerewasr the initial phytomers is
followed by a plateau in length which lasts over a few phytmsr{@s shown in Figure 1c). A
different model is thus proposed for the lower phytomerdhefrmain stem and tillers.

A model consisting of two connecting straight lines is apgplio the data over the top phytomers
where the pattern is thought to be similar for all axes. Tlatads then used to calculate an
intercept of this model with the data from below the set céitarik (above which the pattern is
similar). A separate model is then applied to the main stemhvincludes an increase in lamina
over the initial phytomers, followed by a plateau. Where @meents in lamina length before and
after the plateau can be sufficiently estimated (more thandata point) both are found to be
approximately 3 cm per phytomer and as such the incremeiieimiodel is assumed to be the
same. Although this assumption presents a small errorimattd lamina length over the initial
two phytomers it does enable a simpler model to be createdtilleos, three different models
were considered. One which modelled the different linearease over the initial phytomers
and calculated the phytomer rank at which the upper phytonoetel converged. An alternative
option, models the initial increase in lamina length buuasss the the point of convergence of
the model over higher ranks, is the same rank at the end ofitlegu noticed on the main stem
and also assumes that the initial lamina length is the santiead®bserved on the main stem
thus removing the need for additional parameters. The thiodel, which is the one chosen as
the most appropriate simply applies the linear model olexskon the main stem before and after
the plateau. The simple linear model was shown to fit well athiliced the complexity of the
model and parameters required. The fit being found to be airtalthat of the two linear model
but slightly less that the two linear model requiring exteagmeters. Due to the requirement of
keeping parameters to a minimum it is suggested that tharlimadel is the most appropriate
and that again the error over the smaller leaves is assumaszldoceptable.
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The suggested models of lamina length of phytomer n of tha stem, L(n,0) is modelled as:

L0+inCL1(n—1> fOfl<’I’L§NLO
L( O) Ly fOl’NLQ<TL§NL1 (53)
n,0) = :
L1+inCL1<n—NL1) fOfNL1<7”L§NL2

Lo+ ’iTLCL2<TL — NLQ) for N <n < NF(Z)

whereas for tillers there is no plateau,

(5.4)

Lin.1) Lo+ incpi(n —1) forl<n < Np,
n,t) = _ .
L2+chL2(n—NL2) for Nig<n< NF(Z)

For tillers, i, the same model applies, but using the redgpliytomer rank, n+ sh(i). The relative
phytomer rank is used thus

L(n,i) = L(n+ sh(i),0) i=1,2,3

Where:
. Ly — L.
mnmcr1 = —NL2 _ NC
, ~ Lp—1L
ez = Nrp@y — N2

The model parameters are:

Ly, lamina length at rank calculated @s:;; *( N1o-1)-L;

L4, lamina length at plateauM,;)

Ly, maximum lamina length

Ly JJamina length atVy

Npo,rank at which plateau starts

Np1,rank at which plateau ends

Nio,rank at which lamina length is greatest

Np@), (1= 0-3) final phytomer number per axis, where i=0 is the nmsém
sh(i), (i = 1-3) phytomer shift between the main stem anadhttill
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Lamina width

The pattern of lamina width as a function of phytomer rankheven in Figure 5.1. It can be
observed that the lamina width for all final and initial leave similar regardless of axis rank.
The linear property of lamina width with rank is not obsengetthe lower phytomer of the main
stem where instead a curvilinear relationship is preserite fiormalised phytomer rank was
considered an option for modelling the lamina on the till@nsl the upper lamina on the main
stem. However the simpler model as shown, which has fewanpaters was decided upon. This
model assumes the lamina width of rank one is the same foxed#l and the final lamina of all
axes is the same. It applies a linear model in between. Fdower phytomers of the main stem
and curvilinear parameter is required and to distinguigivben the lower and upper phytomer
of the main stem the NI1 is used as the cut off point betweetwtbenodels. No shift parameters
are required, just the final number of assumed lamina on edash a

Equation 5.5 is the proposed model for leaves of phytomeith@main stem and equation 5.6
for the tillers.

W(n.0) ( VI‘//'Z/OJ;ZE:(; i)21) for ;\?;ZZZ“NE ) (-5)
W(n,i) = ( W; +incy,(n—1) forl <n < NF, ) (5.6)

where
INCy = % (5.7)

Where

iis tiller rank 1-3

n is the phytomer rank

W, is the lamina width for the rank 1 lamina
W1 is the lamina width afV F; (where iis O to 3)
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Np() is the total phytomer number on axis i (0 for main stem)
Ny, is the rank of the first internode that extends as defined mitie internode model
a is curved model parameter

5.2 Results

5.2.1 Model Fitting

Phytomer Number per Axis

Each final organ length model requires the final number ofdegwer axis. The median final
number of leaves produced was used. The median final numbea\as on the main stem was

between 10 and 12 depending on genotype and year of expéeriseenTable 5.1).

99

Genotype Main stem

Med Meantsd Med Meantsd Med Meantsd Med Meant sd

S099
S099low
SO05
CAO05
S0O04
CA04
ARO4
APO4
FAO4
1IS04
ORO0O4
REO4
THO4

11
12
12
12
11
11
12
11
10
11
11
10
11

11.8+£0.4
11.8+0.4
11.1£0.3
11.3+£0.7
121+£0.3
11.0 £ 0.0
10.1x£0.3
109+ 0.4
11.0£0.0
10.5£0.5
11.0+£0.4

© J 00 0 J 00 © 00 0 © © ©

8.7x0.6
8.7x0.5
8.4+0.5
8.3+ 0.5
8.7+ 0.6
82+04
74+0.6
8.0+0.2
7.8£0.6
74405
8.9+0.3

~J

0 ~J OO ~J~J 00 © O o o o oo

79+£04
82+04
7.9£0.6
79£0.3
8.6 £ 0.6
7.8+£04
7.0+0.4
7.1+0.3
7.8+0.4
7.0£0.0
79%0.3

N NN BEN IECNIEN B NEN BES IR BN e SN

7.0£0.5
6.8£04
7.0£0.0
6.7+ 0.6
7.8+0.5
6.7£0.6
6.0+0.0
6.8+04
6.7+ 0.5
6.0£0.0
7.0£0.0

Table 5.1: Meant sd and median (Med) final number of phytomer per axis
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Over most genotypes the final number of phytomers on tiller @nthree less than the final
number observed on the main stem and four and five less ferstitivo and three respectively.
However, this pattern is not always the case. Some genogneeshown to have the same final
number of phytomers on more than one of the three tillers. liftear relationship found be-
tween the mean final number of leaves on the main stem andtdlee has an?: 0.652 and
rmse=0.294, tiller two an*:0.767, rmse=0.233 and tillers threen 0.692, rmse=0.255.

Delay Parameter

In ADEL-wheat it is assumed that the delay parameter for dgleh is the same for all final
organ length (or width) models enabling them to be set asdaheesconstants within all organ
type models. The analysis of data collected from all thrg@earments however illustrate that
both the final lamina and internode length models are sinilarthat the delay parameters for
the final sheath length model are different.

sheath sh(1-3)
30 35 40 45 50
T

2.5
T

2.0

1 1 1 1 1 1 1
20 25 30 35 40 45 50
mean(lamina and internode sh(1-3))

Figure 5.2: The mean delay parameter as estimated by final lamina andiggtedength models is shown
against the mean delay parameter as estimated by the final sheath lendgh rd.:1 line is shown by a
dotted line.

As such, a delay parameter per axis for all final organ lengildets is not used. Instead a mean
delay parameter is calculated using the delay parametdreofinal lamina length model and
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Genotype shirmse sh2t:rmse sh3trmse
S099low 2.90£0.03 3.70£0.03 3.93+0.03
S099 2.99£0.03 3.80£0.03 3.89+0.03
SO04 2.98 +£0.03 3.21+0.02 3.97+0.03
SO05 3.08£0.03 3.70£0.02 4.16 £ 0.03
ARO04 3.044+0.06 3.2240.04 4.1240.08
APO4 3.03+0.03 3.04+0.03 4.16 +0.03
CA04 2.90+£0.04 3.044+0.04 4.01£0.07
CAO05 2.93+£0.02 3.50£0.03 4.38+0.03
FAO4 3.16 £0.18 3.75+£0.10 3.83+0.08
1ISO4 2.844+0.03 3.7240.04 4.0640.04
ORO04 3.03£0.02 3.85£0.04 4.75+£0.02
REO4 2.93£0.05 3.80+0.04 4.434+0.09
THO4 2.37+0.06 3.13+0.04 4.06 +0.05

101

Table 5.2: The shift parameter values used to model tiller day for eachtygmmaevith their associated
error (rmse)

internode length models only (as listed in Table5.2 and uwstdn lamina length and width and
internode length models.

The delay parameters for the sheath length model are inst&®adated using the relationship
between sheath delay parameter value and internode anadadength value, using equation 5.8
(see Figure 5.2, model fit i 0.925).

shg = 0.956 * (mean(shyp, shy) — 0.17) (5.8)

where

shg= sheath shift
sh;=lamina length shift
shr= internode shift

These delay parameters were set within the appropriatedigah length models and both the
model parameters re-estimated and the quality of the fit@htlodel calculated. In general the
fit of the model using the phytomer shift parameters calewdldty equation 5.8 did not increase
the error in the model fit (see Table 5.3). An average shifafborgan types, per genotype, as
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r? 4+ rmse

Genotype Internode Sheath Lamina length Lamina width
SO99low 0.995 £+ 0.64 0.995 + 0.44 0.960 +2.1 0.983+0.07
S099 0.995 4+ 0.66 0.995 4+ 0.45 0.996+0.6 0.973+0.07
SO04 0.978 +1.34 0.963 £0.95 0914+15 0.912+0.13
S0O05 0.999 +0.18 0.866 +1.74 0.874+2.6 0.946 +£0.10
ARO4 0.979+1.36 0.978 £0.84 0922415 0.937+0.13
APO4 09794+1.24 — 0.854 4+ 1.7 0.901 £0.18
CA04 0.979 +1.26 0.948 £0.97 0918 +1.6 0.928+0.14
CAO05 0.996 + 0.54 0.960 £ 0.89 0903 +1.8 0.933+0.13
FAO4 0.863 +5.40 0.943 +£1.18 0.845+ 2.2 0.880=+0.15
1IS04 0.9524+1.39 0.967 +0.90 0.900+1.7 0.914+0.14
ORO0O4 0.981 +1.40 0.984 +0.69 09134+1.6 0.937+0.10
REO04 0.972+1.75 0.963 +0.90 0.920+1.3 0.930+0.12
THO4 0.970 £ 1.58 0.960 £ 1.17 0.883+1.9 0.876£0.14
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Table 5.3: The-? and rmse of the fit of the model using a mean delay parameter to modetitlizy

calculated using the method described, and is therefowigkin the rest of this investigation.
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Final Sheath Length

Figure 5.3 illustrates the observed (points) and modelle@)( final length of sheath for the
range of genotypes. Data from a range of phytomer ranks isingigrom the genotype Apache
(APO4). As such, the model could not be fitted to this data €efnstraining the model delay
parameters to be the weighted mean as estimated from tleedfgan length models (sheath and
internode final length) the model was found not to convergemiited to Recital (RE04) or Cap
Horn (CA04) data and instead the best fit model was appliedrengdrameters estimated.
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SO99low S099 SO04 SO05

Sy

ARO4  APO4

S

FA04 T 1S04 | OR04 | REO4

>

THO4

20

sheath length (cm)
5 10 15
%. |

0 2 4 6 8 10
rank (phytomer)

Figure 5.3: The observed (points) and modelled (line) final sheath Idagthown over phytomer ranks.
Main stem= square,Tiller one=circle, Tiller two=triangle and Tiller three=diant
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Genotype Type S5 So Sy Ngi Ngg incg; incgs
S0O99low 3.16 — 21.54 5.64 —  2.50 —
rmse 0.13 — 0.17 0.08 — — —
S099 3.13 15.20 18.39 4.27 924 242 1.82
rmse 0.21 1.49 030 0.12 0.66 — —
SO04 3.84 11.06 18.08 4.51 829 191 2.59
rmse 0.06 0.54 0.10 0.06 0.24 — —
SO05 3.39 11.20 1549 4.67 7.44 281 0.94
rmse 0.12 033 0.20 0.10 0.17 — —
ARO4 3.98 11.13 1856 6.28 8.09 3.96 1.90
rmse 0.05 0.55 0.13 0.08 0.19 — —
APO04 — — — — — — —
rmse — — — — — — —
CA04 3.39 890 16.13 5.07 6.93 295 1.77
rmse 0.05 0.52 0.15 0.08 0.23 — —
CAO05 3.43 11.04 14.29 577 7.72 391 0.75
rmse 0.06 0.14 0.10 0.05 0.06 — —
FAO4 423 1642 2256 4.41 898 2.66 6.07
rmse 0.08 043 0.34 0.06 0.11 — —
S04 3.46 13.94 16.65 4.47 883 240 1.25
rmse 0.04 024 0.09 0.03 0.11 — —
ORO04 3.75 13.44 1843 548 842 330 1.93
rmse 0.05 032 0.09 0.03 0.11 — —
REO4 2.86 8.77 16.67 4.48 7.00 234 1.97
rmse 0.13 142 0.14 0.10 0.65 — —
THO4 3.22 738 19.20 4.28 6.20 216 246
rmse 0.12 252  0.13 0.19 1.06 — —

105

Table 5.4: Parameter values for the final sheath model are given patgea with the rmse value.

Table 5.4 outlines the parameter values of the final sheatithenodel all genotypes.
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Final Internode Length
Figure 5.4 illustrates the observed and modelled final lelfinternode over phytomer ranks.

No final internode length data was collected on the tiller<Cap Horn (CA05) and Soisson
(SO05) during experiment two.
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| SO99low | S099 | SO04 | SO05

CA05

1504 REO4

40

30

length (cm)
20

10

0

02 4 6 810 14
rank (phytomer)

Figure 5.4. The observed (points) and modelled (line) final internodgtkers shown over phytomer
ranks. Main stem= square,Tiller one circle, Tiller two triangle and Tiller thresmond
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Genotype Type I, Ipy1y Npp N oinepp inep

SO99low 15.81 32.33 741 11.87 3.54 14.70
rmse 047 037 0.08 0.04 — —
S099 1594 31.34 6.21 1094 3.37 14.60
rmse 044 037 0.10 0.05 — —
SO04 11.89 27.69 6.63 10.14 3.38 8.53
rmse  0.30 0.15 0.05 0.05 — —
SO05 1099 26.03 6.68 11.28 2.39 8.76
rmse 046 0.31 0.17  0.10 — —
ARO4 18.82 3159 7.18 11.87 4.01 11.37
rmse 051 024 0.11  0.05 — —
APO04 17.36 2847 6.78 10.94 4.17 10.56
rmse  0.38 0.17 0.05 0.04 — —
CA04 15.19 26.54 6.60 10.63 3.76 8.31
rmse 055 0.23 0.07 0.09 — —
CAO05 9.97 23.75 7.92 10.74 3.52 6.12
rmse 326 0.84 0.25 0.61 - -
FAO4 22.68 47.03 577 9.89 550 2212
rmse 150 1.26 0.18 0.13 — —
S04 22.75 1854 6.52 11.48 4.58 —-8.19
rmse 0.27 0.28 0.03 0.05 — —
OR04 17.80 31.88 6.94 1090 449 12.83
rmse  0.33  0.20 0.04 0.03 — —
REO4 1250 31.20 6.80 9.80 4.16 8.50
rmse 0.89 0.28 0.09 0.11 — —
THO4 15.24 2793 6.71 10.26 4.28 7.33

rmse  0.72  0.20 0.05 0.13 — —

Table 5.5: Parameter values for the final internode model are given @eotype with the rmse value.

Table 5.5 outlines the parameter values of the final intezrledgth model all genotypes.
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Figure 5.5 illustrates the observed and modelled final lermjtlamina over phytomer ranks.
Table 5.2.1outlines the parameter values of the final laneingth model for all genotypes.
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Figure 5.5: The observed (points) and modelled (line) final lamina lengthasvn over phytomer ranks.
Main stem= square, Tiller one=circle, Tiller two=triangle and Tiller three=diand
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Genotype Type L, Ly Lo LF Ny N1z Nia INCp; INCis
SO9%9Ilow mean 2.85 10.12 3148 25.76 149 642 1.12 4.85 —5.09

rmse 1.20 053  0.27 041 0.18 0.06

S099 mean 3.82 10.04 29.39 2496 144 543 1.05 432 —4.19
rmse 1.11 055 0.16 0.23 0.19 0.04

S004 mean 3.93 12.31 25.29 20.22 282 576 0.82 297 —6.16
rmse 0.11 0.12 0.16 0.21 0.05 0.05

SO05 mean 3.01 10.98 31.33 1599 1.62 597 1.69 490 —-9.05
rmse 0.15 0.07 030 0.51 0.02 0.06

ARO04 mean 3.90 951 23.86 1847 1.59 566 2.20 3.51 —2.44
rmse 0.17 0.09 0.23 0.25 0.04 0.08

APO04 mean 4.21 12.04 24.93 20.49 2.80 5.39 1.04 2.79 —4.25
rmse 0.31 098 021 0.24 0.35 0.06

CA04 mean 2.72 853 2486 19.76 1.71 4.81 1.11 3.39 —4.58
rmse 0.25 0.15 027 0.33 0.06 0.07

CAO05 mean 4.55 9.73 2456 16.74 132 594 224 3.89 347
rmse 0.14 0.06 0.19 0.26 0.03 0.06

FAO4 mean 1.57 14.13 25.17 2249 249 548 1.98 5.03 —-1.34
rmse 0.25  0.23 047 0.40 0.06 0.11

1IS04 mean 4.35 12.27 26.75 1540 2.53 4.85 1.27 3.11 —=8.90
rmse 0.07 0.09 0.13 0.22 0.03 0.02

ORO04 mean 2.62 10.52 26.13 20.28 1.97 556 1.20 400 —4.84
rmse 0.21  0.12 0.17 0.22 0.04 0.04

REO4 mean 2.86 11.30 22.56 18.85 3.06 5.34 1.39 275 —2.66
rmse 0.18 020 0.20 0.29 0.09 0.08

THO4 mean 3.91 10.15 2735 2254 183 450 1.35 3.40 —3.54
rmse 0.26 026 020 0.24 0.09 0.06

Table 5.6: Parameter values for the final lamina length model are giveg@eotype with the rmse value.

Final Lamina Width

Figure 5.6 illustrates the observed and modelled final wadthmina for all genotypes. Table 5.7
outlines the parameter values of the model.
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genotype W, W; alpha
ARO4 0.25 1.81 0.0138
1IS04 0.25 1.74 0.0157
S0O04 0.24 1.51 0.0127
REO4 0.21 1.71 0.0179
FAO4 0.13 1.78 0.0348
APO0O4 0.25 1.70 0.0141
ORO0O4 0.18 1.75 0.0140
THO4 0.43 2.05 0.0147
CAO05 0.29 1.86 0.0151
SO05 0.33 1.57 0.0106
S099 0.27 1.56 0.0126
SO9%%Ilow 0.22 1.74 0.0135

Table 5.7: The estimated model parameters of the lamina width model petygpe

112
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5.2.2 Parameter Correlations

It is one of the aims of this research to minimise the numbgrasbmeters required within the
model. This section looks into the possibility of correteis between the parameter values by
comparing the parameters looked at so far within this clrapte

Final phytomer number and Shift parameter

Comparison between the estimated delay parameters usee iim#i organ models and the
difference in the final number of phytomers between the m@msnd tillers (1,2 & 3) shows a
linear correlation with-? 0.692. Figures 5.7 illustrate the relationship betweertdifference in
the median final number of phytomers between tillers and thia stem and the delay parameters
used within the models (lamina length and width and inteenedgth models).

phytomer delay

T T T T T
1 2 3 4 5

Difference in median number of final phytomer on tiller to main stem

Figure 5.7: Delay parameter compared with the difference in median nuoflghytomers on axis com-
pared to main stem. Shift 1=circle, Shift 2=triangle and Shift 3=diamond. Tmst@nt line is the linear
model through the data and the dotted line represents the 1:1 relationship.
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Increments

Correlations in the variations of model parameters betwegieties were investigated. Corre-
lations of increments were found to be poor with the highéstalue being 0.168 which corre-
sponds to the correlation between the increment of sheagftieand lamina length.

Break point in models

Comparison between the rank at which the break points wittemiodel occur has been carried
out. The break point between the juvenile and adult stagg@raund phytomer 6 has been found
for the majority of genotypes to differ consistently withongan type, with this parameter esti-
mated by the final internode model to be at a higher rank articetanated by the sheath length
being at the lower rank. It must be noted however that theevafuithis parameter, as estimated
by the sheath length model is lower than expected due to thetreints of the suggested model.
If a curvilinear line was accepted over the lower phytomdrthe sheath length model this ini-

tial break point would be higher and as such, closer in vaduhat estimated by the other two

models.

The estimated parametaf; is compared between all organ length models. The most rald&on
correlation was found betweé¥y, as estimated for the sheath length and internode lengthlsjode
where ar? value of 0.727 (mean confidence interval of 0.269 and stahei@or of 0.120).

An alternative to investigating correlation between rankis to look at the number of phytomers
that are extending between rank and N,. It is generally accepted that in winter wheat 4-5
internodes extend however no such assumption has been wraaeyfother organ types. The
relationship between the number of phytomers betw&eland N, as estimated using the final
internode, sheath and lamina length models was investigditeer? of the correlation between
this number of phytomers was however found to be weak wittpthgomer number, according
to the sheath and internode model, having the higirest 0.568.

Correlation between the final number of lamina on the main stedthe estimated paramefér
for all organ length models (except lamina width) was inggged and the estimated parameter
values of an assumed linear relationship and the fit of thidehand the rmse can be found in
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Organ Type Intercept Slope r? rmse
internode —0.133  0.619 0.631 0.337
sheath —1.767  0.595 0.536 0.414
lamina length 1.950 0.309 0.394 0.425

Table 5.8: Estimated parameter values of an assumed linear relationshipbe/N of the main stem
and the estimated/; parameter per organtype per genotype. Therfij)gnd rmse is also given

Table5.8.

Final organ length at different phases of the model

Comparing the relationship between estimated parameteesdbr NF (flag leaf length) anb,
(length of lamina at rankV;) a linear relationship is observed with 4-5 outliers (whadrre-
spond to the genotypes, Isengrain (IS04), Florence-Ayf#84), Soisson (SO05) and Caphorn
(CAO05) see Figure 5.5. From Figure 5.5 it can be observed #ha#FSO05, CAO05 have two
leaves on the downward slope of lamina length frémto NF, with the only other genotype
exhibiting this similar pattern being ARO4. The patternviietn rank/N, and NF for genotype
ISO4 does show a greater decrease in length than noticedhen génotypes. As a result of
these inconsistencies a constant difference between linesvaf the parameters LF aiid is not
assumed.

5.2.3 Discussion

Model Fitting

Final number of phytomers on main stem and axes

In the three experiments carried out, total leaf number ommetem varied between 10 and
12, depending on year, density and genotype. Although shésreduced range of final lamina
number (main stem) of variation to that encountered in gngwvheat worldwide, it corresponds
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to what can be expected for winter wheat in France, undeetbesditions.

Phytomer delay

The pattern of final organ length on the tillers can be modeledelayed main stems when con-
sidering final sheath and internode length. For lamina leagtd width only the later phytomers
can be described by a delay parameter. The pattern over theptgtomers of final lamina
width and length show no similarity to that found on the tdle The growth of early lamina is
thought to be dependent on environmental conditions andaswould explain, to some extent
the variability found in the results and especially thailesn the same genotypes grown during
different years (SO04 & SO05 and CA04 & CAO05).

Overall the analysis of the data collected during the thsgeements confirm over a range of
cultivars and condition, the finding of (Fourniet al. 2003, Everset al. 2005) that a shift
parameter allows the pattern of final lamina, sheath andnate lengths along lateral axes to
be derived from that along the main stem with a high accurddyen calculated independently
on lamina; sheath and internode, the value of the shift requd transpose from main stem to a
given axis were similar for lamina and internode and slighdlver for sheaths. However using
a unique shift value for all organ types did not reduce sigaiftly the quality of fit of the model
of final lengths of organs. In some cases the use of a singtassilted in lack of convergence
of the models of final organ size, however the best fit paranvelaes gave gooe? values.

The value of the shift parameters when set to be genotypefispaed not genotype and organ
type specific, between main stem and tillers varied also éetvyear or cultivars (min to max
values of all genotypes shown, shl= 2.37:3.16, sh2= 388,3h3=3.83:4.75). Our protocol
does not enable the precise reason or reasons why thesgoveriaccur to be identified, but
does illustrate the year to year variation for genotypes$&mi and Caphorn are in the same range
as variation between genotypes in 2004. These variatiansudficient so that shift parameters
should be fitted to experimental data when accurate sinoulafi final size of organs on tiller are
required.

The shift calculated for an axis was not found to be highlyelated with the difference in mean
leaf number between that axis and the main stem
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Sheath length

Pattern of sheath length as a function of relative phytormertver could be described by a quasi-
plateau followed by a broken line, thus requiring 9 paramset®,, Ss, Sr, Ns1, Nso2, Nsr, Shl,
sh2, sh3). The plateau included phytomers below RPN = 4 tad@fss value was correlated
with total leaf number (n1 = 0.66*NF-2.562 = 0.48), that is, very close to the paramedér

for internodes. The slope of increase of length of sheathfasaiion of phytomer number was
generally higher for two or three phytomers following thatelau, than for the 4 or five topmost
phytomers. The difference being very marked in some case®3&and CAO05) and weak or
un-existing in others cases (SO99 low). There is no stroag @bout the why these differences
occur. Finally, given that the phytomer shift for each asig&mown, it appears that 6 parameters
are sufficient to describe the pattern of sheath length ebadt.

Internode length

Internode length along the shoot could be described by aebrbke function, with a total of 7
specific parameters;, I, N;1, Ni2, Sh1, sh2, sh3, plus one axis parameter NF. Such parameter-
isation holds, where stem shortener were used (2004 and 28830t used (1999). The number

of elongated internodes in wheat is usually 4 or 5 (ref). Diefrihe number of elongated intern-
odes raises the question of the criteria for the minimumted an elongated internode. Here
the use of paramete¥;; allows for an objective estimateN;; was correlated with total leaf
number (V;; =0.71 NF-1, 22 =0.71) .

In wheat, the ear peduncle is generally significantly lortigan the top most vegetative internode,
suggests actually that some qualitative changes existeegtwonditions of extension of the
vegetative internodes and that of the peduncle. So in theque parameterisation in ADEL,
position of break pointV;, was considered equal to total leaf numbBér= NF. Results here
shows that such qualitative change may also affects the gt regetative internode. The
fractional value ofN;, suggest actually that some qualitative change affect bwhpeduncle
and, to a variable amount the topmost vegetative internpoeyably depending on the time
when the change occurs. The position of break pdiptvaried betweenV F;-1 and N F; , and
the full range of variation could be observed even for a givenety (e.g. Soisson). However
because the range of variation was restricted/'t6,-1 - NV F; a constant relatio,;,= N F; -0.5
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could be accepted in a simplified parameterisation.

Finally, given that the phytomer delay for each axis is knpiveeems that 3 parameters., I,

1, are sufficient to describe the pattern of internode lengtalladixes of a plant. More over, the
small range of variation oN;; makes the approximatiolN;, = N F;-1, probably acceptable in
most cases.

Lamina length

Lamina length along the shoot could be described by a brakenflinction, with a total of 9
specific parameters, plus one axis parameter (NF). Therpaiter the main stem and tillers
was found to be similar only after rank;,. There are no strong ideas of the origin of the
plateau in lamina length on the main stem between ravijksand /V;; and this pattern has not
been suggested by other authors. . The relationship betthedength of the flag leaf and the
length of the longest leaf was not found to be strong, withr foain outliers. These outliers
were generally the genotypes where two lamina were foun@tosdse in length between ranks
Ni, and NF. The increment before and after the plateau gives a&hwaith fewer parameters
and also one that fits well to experiment data over three @xeets and as such any error is
accepted to be small. Finally, given that the phytomer $biifeach axis is known, it appears that
9 parameters are sufficient to describe the pattern of latemgth of all axes.

Lamina width

The pattern of lamina width, as with lamina length, is notfdto be the same over all phytomers
between all axes. Similarity between tillers and the mamgbhytomers above rank of phytomer
that the internode start to extend¥ ;) exist in that a linear relationship with lamina width and
rank is observed. A similar increase in lamina width per &ase in rank however was not
observed. It was considered that a normalised phytomersholld be used instead of a relative
phytomer rank used for the other final organ length modelsnAlarity between such phytomers
on such axes is noticed using relative phytomer rank, bytfonttillers 1-3. From the full results
of (Ljutovac 2002) however, it was identified that tillersosle rank 3 diverged from this pattern,
necessitating the need of a normalised relative phytonmis. rféhe model suggested within this
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chapter only considers three tillers, due to the survival production rate of tillers four being
so low. In order to keep parameter values low, an alternatieelel was suggested. This is a
broken line function, with a total of 8 parametei§’,, W1, a, NF;, shl, sh2, sh3. There are 8
parameters as an additional parameéXer is required, but estimated within the internode length
model. The model requires the lamina width at rank 1 and tla fwmina rank and calculates the
linear model accordingly. For the lower phytomers on themseém a curvilinear relationship
is assumed and requires an appropriate parameter to desbrsbrelationship. Although this
relationship would perhaps not hold if the plant was to pasmore tillers, only three tillers
were found to be produced and survive for a significant peabtdme in both experimental
years and as such is deemed appropriate for the purposes efutly.

5.2.4 Conclusion

The idea of tillers being ‘delayed mini-main stems’ has bskown using the pattern of final
organ length over all axes to be strong enough to enable @ecamulation of the pattern of
all final organ lengths on all axes from that observed on thim st@m, with the addition of one
‘shift’ parameter per axis. It was found however that for filzanina width and length that the
pattern was not similar over the different axis for all phyir ranks and that the similarity was
apparent for all ranks of the tillers but only over higherkarior the main stem. It is possible
that the rank, is the same for lamina length and width, abdvemthe pattern is the same for all
axes, however the models applied to lamina width and lengtiod allow this comparison to be
made with any accuracy.

It was observed that not all organ types start significantvgjrdi.e rank N;) around the same
time, although for lamina and sheath, increased growth pgigmer rank was noticed for most
genotypes to be around rank 5-6 and for internode growth,ptrygomer later. No significant
correlations could however be found to enable this parantetbe estimated from the final
number of phytomers.

The final models to be suggested, although in some casessgctbe number of parameters
required from that currently suggested in the ADEL-wheatslpdo however encompass the
pattern of final organ length as observed on a range of geastgpd for genotypes grown under
different conditions.
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5.3 Leaf Appearance

In an attempt to strengthen the idea that tillers are delayaih stems, as discussed within the
final organ length section of this thesis (section 5.2.4pmpgarison of LAR (Leaf Appearance

Rate) between the MS and tillers and the thermal time at wihietilag leaf on all axis becomes

liguled is carried out. Also within this section a comparnisif LAR between genotypes and also
between the same two genotypes grown under different enwiental conditions is carried out

to investigate possible environmental and genotypic inibes on leaf appearance rate.

5.3.1 Introduction

Integration of leaf appearance rate (LAR) enables the numbemerged leaves on the plant's
main stem to be estimated; a useful measure of plant developiStrecket al. 2003). Accurate
predictions of plant developmental stages are importantop simulation models and for crop
management. For crop management, knowledge of the timipdpot developmental events is
important for the scheduling of field operations such aslizet applications, pest control and
harvest (Streclet al. 2003). For crop simulation models, accurate predictionesfetopmental
stage is important as partitioning of assimilates to défgrplant organs varies with develop-
mental stage affecting important processes such as, dtgmnaaicumulation, light interception,
canopy photosynthesis, and yield (Amir and Sinclair 199dd¢es and Ritchie 1991, McMaster
et al. 1991, Streclet al. 2003). For these reasons the rate of leaf appearance hasheesub-
ject of many studies, particularly in wheat. As summarisgdvtlcMaster (2003) temperature is
assumed to be the primary factor affecting leaf appearaateenith light to a lesser extent, how-
ever additional factors are also considered such as thet @fsowing data (Hay and Delecolle
1989, Cao and Moss 1991) and the correlation between the fal@ydength change at crop
emergence (Bakest al. 1980, Kirbyet al. 1982).

In the crop models, CERES-Wheat (Ritchie and Otter 1991) CERERe (Kiniry 1991) SHOOT-
GRO (McMaster 1992, Wilhelrat al. 1993, Wilhelm and McMaster 2003), MODWht (Rickman
et al. 1996) SIRIUS (Jamiesoet al. 1998b) and GRAAL (Drouet and Pages 2003) leaf appear-
ance is simulated using the phyllochron approach. A phigloe is most often defined as the
thermal time (TT,°Cd), between the appearance of successive leaf tips (Rickinalin 1996,
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McMaster and Wilhelm 1997, Slafer and Rawson 1997) or theeargmce of successive fully
expanded leaves (collar emergence) or nodes (Cameball 1998). It is commonly assumed
that the phyllochron is constant with phytomer rank (conspyllochron approach). However
modifications to this model have been suggested. An extemsiwiew on the phyllochron and
the limitations of suggested approaches is given by (Mcdtastd Wilhelm 1995), however will
not be discussed here as an in-depth analysis is not to beccaut with regards to the most
appropriate model of LAR within this section.

The work carried out in this section is primarily intereste@scertaining the similarities in LAR
between axis, currently assumed within most crop modelstarfdrther the idea that tillers
behave as delayed mini-main stems. Similarities betwesh AR of different genotypes is also
to be investigated. This is of importance due to the disarepaf results found between authors
such as Frank and Bauer (1995) who have suggested thaedities in LAR between genotypes
do exist and also from studies carried out at Wageningerclit al. 1998) which suggest that
the differences are small and environmental differences lamore significant impact and that
LAR should be based not of genotype of the plant but on enmemtal conditions.

5.3.2 Aim

e To establish whether the leaf appearance rate is the sara# feaves on all axis.

e To establish whether differences in LAR exist between vimseand between the same
genotypes grown under different conditions.

5.3.3 Methodology

Plant measurements

The following data; number of liguled and non liguled lamitize length of the visible leaf and
its final length once liguled were extracted from the datdectdd on all genotypes using both
non-destructive and destructive sampling techniquesdwexperiments one and two. For more
detail on the methodology used see chapter 4.
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Meteorological measurements

In both experiments 1 and 1, air temperature was measurey lever, at 2 meters above ground
by a Stevenson screen (located no more than 400 meters friettd site) and was used to
calculate the thermal time. The sowing date is used as treedsis from which degree days is
calculated, for experiment one and two respectively theslatere thel 6" October 2003 and
the26'* October 2004. The accumulated TT was calculated as

TT =) (T —T) (5.9)

with constraints
ZfT S Tb thenT = Tb

where

T is the hourly mean air temperature divided by 24

T, is the base temperature 10), which has been reported to be the case for both spring and
winter wheat (Bakeet al. 1986, Cao and Moss 1989, Frank and Bauer 1997, McMaster and
Wilhelm 1998).

During experiment 1, in addition to the air temperaturel ®nperature at the depth of 3cm was
also measured every hour within the canopy of one of the geest Thermal time is calculated
for experiment 1, using canopy temperature until the pofminternode extension, which is
assumed to be the date when the fourth leaf from the flag leafbes liguled (this assumes that
there is a constant number of five internodes which extendjpeotype). For experiment two
only air temperature was recorded and thus this measuremngnivas used to calculate thermal
time.

Experiment 1

Non-destructive sampling occurred weekly for genotypesstm and Isengrain (longer gaps
were occasionally left between sampling dates) from thedieidf February (2004) when the
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plants had on average 6 visible and 5 liguled leaves up tnatiehd of July (2004) when the flag
leaf was present and most leaves were fully senesced. Fottiee genotypes, non-destructive
sampling took place every two weeks from and to the same pbdevelopment as for genotypes
Soisson and Isengrain. Data was collected from the main sfetwenty median plants per
genotype and for all genotypes. For genotypes Soisson amgjizin data was also collected
on all tillers of ten of these twenty plants and for the othengtypes data was collected on the
tillers of five of the twenty measured plants.

The first destructive sampling took place in December (20@8n on average 3 visible and 2
liguled leaves were present (except Soisson (SO04) whergllerand 2 liguled were present)
and occurred at 4 separate dates up until the final measutemerh occurred when the flag

leaf had become liguled and the peduncle has completed lyrdvdr genotypes, Soisson and
Isengrain, data was collected on all axis of no more than tyyelants per sampling date and no
more than thirteen for the other genotypes.

Experiment Two

Non-destructive sampling took place weekly for both gepes; Soisson (SO05) and Caphorn
(CAO05). This sampling started in January (2005), when onagyeb visible and 3 liguled leaves
were present on both genotypes and finished in May (2005) threcag leaves on both geno-
types had appeared. Data was collected from all axes of $@tb§oisson and Cap Horn plants.
This number reduced during the sampling period to 15, whetied 15 plants were identified as
median plants. Data, however remained to be collected oméie stem only of the non-median
plants throughout the sampling period.

Destructive sampling was carried out twice during the samggberiod per genotype. The initial
sampling date was in December (2004) when 3 visible and Elibleaves were present and the
final sampling date was once the flag leaf had liguled, whick wday (2004).



CHAPTER 5. PHENOLOGY 124

5.3.4 Data analysis

The appearance of each leaf and the thermal time of this exanhot directly measured in either
experiment 1 or experiment 2. Instead a developmental iklaged per axis per genotype for
each sampling date, of which the thermal time is known. Altftothe use of a developmental
index is not sufficient to investigate the most appropriatalet of leaf appearance, as it is an
estimate of leaf appearance in the absence of direct measuts, it is assumed to be sufficient
to explore the differences in LAR between axes and genotyfias is due to the index giving an

indication on the plant stage based on both the number of liglilated leaves and developing
leaves thus giving a continuous index of development.

Choice of index

The decimal phytomer index (Ljutovac 2002, Hillietral. 2005) is a modified Haun stage, which

gives a more continuous index. In calculating this indeXisight data is required to determine

the length of the visible leaf (per rank and axis) when thesegbent leaf emerges, however the
guantity of such data was not available from either expeminome or two. As such, the Haun

stage is the developmental index used within this analysis.

The Haun stage used in the following analysis was howeveiflradalightly (see equation:5.10)
so that
HS =L,/Liy+ (n—1) (5.10)

where:

n is the number of visible leaves on the axis

L, is the length of the youngest visible leaf

L, is the length of youngest visible leaf once liguled

In the rest of this section, where the Haun stage is mentitihe@d been calculated using equation
5.10.
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Calculation of Index

The method used to calculate Haun stage varied slightlyrdbpeg on the sampling technique
used to collect the data set. The median number of final |lgaseaxis per genotype was calcu-
lated from the final non-destructive data. The data coltkotethe axis of plants which developed
to have the median number of final leaves were used in the sisalkny data collected on any
axis that did not develop to produce the median final numbé&rasfes was excluded. The actual
final length of the visible leaf once liguled could be usedhwibn-destructively sampled data.
For non-destructive data, the mean final length of the \asieaf once liguled had to be used
per genotype as the actual final length was not known. Dueet@dmpling procedure used in
Experiment 2, only the mean final length of the visible leat®figuled was used to calculate
the Haun stage per sampling date regardless of the samplatgg used.

Calculation of LAR per axis and per genotype

A linear model is chosen to be the most appropriate to siraula relationship between Haun
stage and thermal time for all axis. The LAR which is estirdaas the slope of this model is
compared between axis and genotypes.

Estimation of thermal time when flag leaf is liguled

When the flag leaf has become liguled, the number of liguledele#s equal to the number of
visible leaves; the Haun stage, for the purpose of this arsly such cases, is set to be the final
number of leaves. This enables the Haun stage to increas¢hevemal time and then to plateau
when the final number of leaves are present. By applying the b#odel as suggested from the
initial analysis with an additional straight line model lvgradient equal to zero, to simulate the
plateau in Haun stage over thermal time, the point at whi¢h bwdels converge is accepted to
be a good estimate of the thermal time once the flag leaf haseetguled. This is carried out
per axis and genotype and compared between both axis rarjesodype.
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5.3.5 Results

Model of LAR

Figure 5.8 shows graphically the relationship betweenntlaétime and Haun stage per axis
for all genotypes. The solid line represents the linear rhetheulating the rate of leaf appear-
ance and the points represent the mean Haun stage. No datalabke for genotypes Soisson
(S0O99low or SO99), from the experiment carried out by Ljaioin 1999.

The linear model fits to all genotypes and axis with a hi¢jaalue with the lowest fit being 0.943
(rmse 31) on genotype Soisson (SO05) tiller three.

Comparison of LAR with axis

Each solid black line on Figure 5.9 represents the LAR onxadl Bor one genotype and is shown
to be fairly constant for all tillers, with a slightly lowerAR estimated for the main stem and
a slightly higher LAR estimated for tiller 3. Although theddferences are not shown to be
significant when the standard deviation is taken into actoun

Synchrony of the appearance of the liguled flag leaf betweerxes

Table 5.9 contains the estimated thermal time at which tlgelélaf becomes liguled for each
genotype per axis. The standard deviation is shown to beshighen comparing per axis be-
tween genotypes than per genotype and between axis. Nodhéme is calculated for tiller
three of genotypes caphorn (CA04) or Recital (RE04) due todata quantity.
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Figure 5.8: Thermal time (in degree days) against Haun stage for all fotisll genotypes. Larger

points indicate destructive data and smaller points non-destructive data. Xdwaae distinguished by
the colour and style of points; black square=main stem, red circle=tiller,green triangle=tiller two

and blue diamond=tiller three. The model of LAR is shown per axis usimgntrzious coloured line, the
colour of the line distinguishing the rank of the axis.
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Figure 5.9: a)LAR per axis per genotype, with each line representinghatgpe. b)Meant sd of LAR
per axis with different axis represented by a different colour and desigoint, see Figure 5.8 for key. ¢
JLAR(t)/LAR(mS), against axis(t), where t =1,2,3.

Genotype MS T1 T2 T3 Meatt sd
SO04 1214 1201 1234 1265 1228 4+ 28
SO05 1275 1286 1253 1304 1280 4+ 21
ARO4 1412 1509 1483 1528 1483 £ 51
AP0O4 1223 1287 1295 1332 1284 + 45
CA04 1257 1261 1268 — 1262 +6
CAO05 1263 1298 1257 1359 1294 + 47
FAO4 1120 1135 1091 1003 1087 4+ 59
1IS04 1243 1295 1242 1352 1283 + 52
ORO0O4 1262 1266 1277 1328 1283 £+ 30
REO4 1127 1131 1167 — 1142 + 22
THO4 1232 1333 1297 1140 1251 + 85

meant sd 1239+ 78 1273 +£103 1293 £ 157 1265+ 103

Table 5.9: Estimated thermal time in degree days at which flag leaf bedogoé=d per genotype, per
axis. Mean and standard deviation given per genotype over all axis andxis over all genotypes
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Phytomer shift

A linear model with slope one is shown to have a reasonabladittlerefore relevant to repre-
sent the relationship between the Haun stage on the mainatdrthat on the tillers with the
intercept of this model accepted to be the ‘shift’ in Haurgstger tiller This calculated shift (
mutliplied by -1) is compared to the shift parameters asvestted within the final organ length
analysis (the mean shift parameters calculated for all fangdn length models, per genotype)
(see section 5.2.4). Figure 5.10 shows the linear reldtiprisetween both these estimated shift
parameters for all three axis when considering all genatype

Organ length shift
4 5

3

4
LAR shift

Figure 5.10: Shift parameters as estimated per genotype from the finalddemigth model against the
LAR shift, the fit of linear model (shown as a black continuous ling} &78. Red circular points= tiller
one, green triangles=tiller two and blue diamonds=tiller three
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Table 5.10 containing the fit and rmse of thi€)(model per axis per genotype and for all axis

per genotype.
genotype T1 T2 T3 all axis
r? (rmse)  r? (rmse) r? (rmse) r? (rmse)

S004 0.984+0.22 0.98+0.26 0.99+0.20 0.99 + 0.23
S0O05 0.96+0.41 0954042 0.90+£0.42 0.95£0.42
AR04 0.94+043 0.984+0.29 0.96 +£0.27 0.97 £0.34
AP04 0.95+£0.57 0.96+0.45 0.94+0.44 0.96 + 0.50
CA04 0.98+0.24 0.68+0.93 — 0.89 + 0.65
CA05 0.994+0.26 0.994+0.20 0.89+0.56 0.974+0.37
FA04 0.996 +0.10 0.864+0.53 —1.08+0.87 0.87=+0.54
1504 0.98+£0.25 0.86+0.59 0.95+0.39 0.95+0.42
OR04 0.98+0.23 0.70£0.90 0.00+£1.09 0.79 £0.81
RE04 0.994+0.10 0.814+0.56 — 0.93 £0.41
THO4 0.90£0.45 0.93+0.50 0.93+0.35 0.95+ 0.45
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Table 5.10: The? of the fit and associated rmse of the fitted model using the relationship bsinegen
the mean shift parameter per genotype for final organ length models teltadshift in leaf appearance
between the main stem and tiller leaves.
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As can be observed from Table 5.10 the fit of the model to alt &xgenerally quite high but
there are a few exceptions. The fit of the model to the LAR ofog@res Oratario (OR04) and
Recital (REO4) tiller three is not calculated as these twuogypes have very little observed data
on which to apply a model.

Comparison between genotypes

The mean LAR per genotype as calculated as the mean LAR afwllixis, MS, T1, T2, & T3
is very similar for genotypes grown in both experiments oné &wo (see Table 5.11) with the
mean LAR for all genotypes from both experiments being 206 The mean LAR over all axis
of all genotypes fall within this acceptable range. No digant difference is noticed between
the LAR over all axis of genotypes Soisson and Caphorn whenrgumder different conditions
(SO04 & SO05 and CA04 & CA05).

Genotype mear- sd LAR
SO04 98 +4.8
SO05 98 £ 2.2
ARO04 110+ 5.3
APO4 98 + 6.0
CA04 106 5.4
CAO05 108 £+ 10.1
FAO4 102 £ 5.3
1ISO4 109 +£6.1
ORO04 114 +4.7
REO4 110 £8.1
THO4 99+5.9

Table 5.11: Meant standard deviation of LAR per genotype

5.3.6 Discussion

The sampling frequency differed between genotypes andecpemntly on some occasions more
than one leaf emerged between sampling dates (using eah®lisig technique; destructive or



CHAPTER 5. PHENOLOGY 132

non-destructive. For some genotypes there is more thanarssion where the mean difference
in Haun stage is greater than 1 between sampling data anththataximum difference is less
than 1 for one genotype only (and one axis of this genotypkhofigh different sampling periods
have been used to characterise main stem Haun stage and agi)g from daily (Haun 1973),
every 2-days (Hotsonyame and Hunt 1997), every 3-5 days &Moh Kropff 1996) to weekly
(Cudneyet al. 1989, Juskiwet al. 2001), the low sampling frequency of data collected in both
experiment 1 and 2 does mean that a detailed response of LAl tenvironment cannot be
studied. However it should be noted that it does not hindercdmpletion of the aims of this
section.

As expected a strong linear model was found between the Hage and thermal time of most
axes per genotype as suggested by (Skinner and Nelson 199&)s found that the LAR over
all axes is similar with no significant differences betweeus d&eing noted. This along with
the finding that the thermal time at which the flag leaf becaigaldd is similar on all axes
per genotype adds to the idea that tillers are mini-main stand that leaves which appear at
the same thermal time have the same properties. The diffegeim thermal time of flag leaf
ligulation were, for most genotypes (except THO04), overaks, less than 60 degree days. The
mean thermal time for the appearance of a leaf is assumedtfrisnanalysis to be 105 degree
days and as such, the flag leaves on all axes becomes ligulledithén the appearance time of
one leaf which could be attributed to the way in which the niartime of flag leaf ligulation
was estimated.

Assuming that the LAR is the same on all axes, a shift paranocete be used to simulate the
LAR over all tillers from the LAR on the main stem, a finding dissed when modelling final
organ length. The relationship between the shift betweenLthR on the main stem and the
tillers and the phytomer shift as noted between the samendraés simulating final organ length
was found, {2 : 0.78). Using this relationship enabled the LAR on all axeké simulated from
a model of LAR on the main stem only. Again it was found that ninedel fit to the observed
data was high with the exception of a couple of genotypedisisity this relationship results in a
reduction of parameters within the model, which is an ovetiah of this thesis.

Differences in the mean LAR for all axes between genotypes/grunder the same environ-
mental conditions was found to be small, although the olditiérence in temperature between
growing seasons was also found to be small. In general nafismmt difference in the mean
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LAR for all axes was found bewtween genotypes when the stdrakviation around the mean
value for all genotypes was taken into account.

Month Experiment
One Two
November 8.1 7.3
December 4.8 3.3
January 47 5.1
February 5.0 2.8
March 6.6 7.1

April 10.1 10.6
May 12.7 135
Mean 74 7.1

Table 5.12: Mean monthly air temperatureQ) during the growing season of both experiment one and
two, and the overal mean temperature for both years between Decamdibdiay.

5.3.7 Conclusion

Overall it is was found that LAR is similar between genotypesich is consistent with the
results of Birchet al. (1998). Slight differences in LAR between the same genatygrewn

in different years (SO04; SO05, CA04& CAO05) were noted but not thought to be important.
Overall therefore it cannot be suggested that the adjustwiebAR is more appropriate per
environmental conditions than with regards to genotypecivvas the final conclusion of (Birch
etal. 1998). From the results of this analysis it is suggestedtA& does not differ significantly
between axes and can be assumed to be the same as the mairSgtachrony between the
appearance of the flag leaf on all axes was found to be goodwalso adds to the idea that tillers
can be assumed to be delayed main stems as first discussadthliinal organ length section
of this thesis. Assuming that the tillers are delayed ma#mst the delay, or shift parameters
as estimated by the final organ length models were used, witte adjustment, to model LAR
on the tillers from the model of LAR on the main stem. A good fitltis model to observed
data, for most axes on most genotypes was found. This me#thates the overall number of
parameters required by the model which is an ultimate airhisfthesis.



CHAPTER 5. PHENOLOGY 134

5.4 Tiller dynamics

5.4.1 Introduction

Tillering is an important adaptive feature of wheat whichapaes the assimilate sources and
sinks within the plant and increases the yield per acre, yetadargeet al. (2002) stated ‘the
prediction of tillering is poor or absent in existing sorgharop models’

Accurate simulation of tillering is essential for the acar prediction of crop LAI (Leaf Area
Index) development (Hammet al. 1987, Lafarge and Hammer 2002) and hence on crop water
use patterns and adaptation to water limited environmeats Qosteronet al. 2008) and impor-
tantly, crop yield. Within agronomic practises, tiller dgty can be used as LAl is, to determine
the optimum level of inputs such as fertilizers, fungicides growth regulators at given stages
of crop development and to account for variations within &fi&cotford and Miller 2004).
Crop models from which tiller density can be predicted aredfege useful tools for agronomic
decision making processes as well as for the analysis angndesideotypes due to their in-
creased ability to explain interactions between canoplisecture and crop performance (Evers
et al. 2004). This thesis is focused on developing a crop model teskd within remote sensing
studies. For such models, the ability to simulate the dgwraknt and architecture of tillers is
of importance as they alter either directly (microwave)ratirectly (optical) the remote sensing
signal.

SHOOTGRO (McMaster 1992), I-wheat (Integrated Wheat Mo¢diinke et al. 1998) and
ADEL-wheat have attempted to some degree to include envieoital conditions to control tiller
production. Within the SHOOTGRO model the percentage o édler that appears and aborts
on plants of a cohort are controlled by water, nitrogen agttliconditions. The Integrated
Wheat Model (I-WHEAT) also takes into account water or nitmogimitations, which result, as
in the SHOOTGRO model, in accelerated tiller death. Curyanithin the ADEL-wheat model
tillers are considered to be and generated just like the staim. One difference being that they
are derived by axillary bud modules which are temporary nheglthat abort if tillering is not
authorised during a phase of latency. The mechanisms bémenglants decision to abort the
bud or to allow it to grow into a tiller are not considered viiththe model, instead a number of
buds giving rise to a tiller is set as a parameter along withdbration of latency (approx. 4
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plastochrons for all axis) (Fourniet al. 2000).

It is important here to acknowledge the differences betvidlen production, tiller cessation and
tiller death. Tiller production controls the number of bums the main stem that are produced
into tillers. Tiller cessation is the point at which bud fation ceases, thus creating a maximum
tiller number per plant and tiller death regulates the nundsdillers that have been produced
that will survive to produce a viable head.

Studies on wheat (Friend 1965) and other crops (Honda an@inmkd970, Kirby 1972) have
led to the suggestion that tiller production depends onuesoavailability, such as nitrogen and
carbohydrate. Recently, however Kighal. (2010b) have suggested that a supply demand ratio
is a key factor controlling not only tiller production butetin growth and survival. This ratio is
described as a complex indicator of plant carbohydratestaat depends on both environmental
and genotypic factors. Solar radiation and temperatunegaie main environmental factors that
affect the Supply/Demand ratio. Solar radiation was alsmébby Evers (2006) to affect tiller
dynamics, mainly cessation, and in response coupled tihéeactural model ADEL-wheat with

a light model (nested radiosity)(Chelle and Andrieu 1998hisTenabled the amount of PAR
(photosynthetically active radiation) and R(red):FR(fal) sensed by the plant at each leaf to
be estimated, allowing some control over tiller productgord cessation to be included within
the model. Tiller death was not formally included withinghmodel. Coupling ADEL-model
with a light model is computationally expensive and parankéavy. This chapter seeks a more
semi-empirical approach to including tiller dynamics.

Lafargeet al. (2002) found that tiller emergence ceased at an optimal lafde’and stated that it
is probably associated with hormonal effects in responsdamges in light quality (red:far-red
ratio). Using the LAI values, which are already estimatethimi the model would require less
parameters and also in a semi-empirical way would incotedtze light quality affects that are
suggested to control tillering without the need of an addil light model.

Tiller death is thought to be associated with anthesis, groiant reproductive stage, which
occurs about 3 phyllochron after the appearance of the fiditpule (Jamiesoret al. 1998a).
Significant tiller death is thought to occur at the transitioom vegetative to floral state due
to assimilates from the main culm leaf being exported towdh@ elongating internodes to the
detriment of tillers (Lauer and Simmons 1985). The rate diution in number of tillers pro-
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duced has been shown by Lafargeal. (2002) to be linearly related to the ratio of realized to
potential leaf area growth. This is an indicator of the setsmk balance in young plants and
they suggest that this ratio provides a basis by which toiprétk rate of decrease in the number
of potentially fertile tillers. Any decrease in tiller nurabis further suggested to reduce the rate
of potential leaf area growth until the balance point withlizable leaf area is reached. The
model they suggest requires planting density, daily teadpee and incident radiation as inputs
and provides a means to simulate fertile tiller dynamicsargsum for a wide range of condi-
tions. Itis suggested within this chapter that a develogaieme is used to indicate the start of
tiller death eliminating the need to calculate incidenia&dn within the model.

In order to incorporate the differing survival rates acaéogato tiller rank, a hierarchal approach
is suggested, similar to that used by Katal. (2010a) and Lafarget al. (2002).

In summary this section looks at incorporating a semi-eioglirapproach to modelling tiller
dynamics by taking advantage of the observed correlatiehsden LAl values (Lafarget al.
2002), as mentioned, and appearance of flag leaf ligule (ol@vental stage). A hierarchical
approach to tiller production and survival is also includedhcorporate the differing production
and survival chances per axis rank.

5.4.2 Data Collection

For a detailed description of how the data used in this amslyas collected refer to chapter 4.
The presence of tillers was recorded using both destrugtaed non-destructively sampled
plants from a range of winter wheat genotypes, over two gngvdgeasons. In general tagged
median plants were used to obtain measurements althougptéxts do exist (see chapter 4). A
tiller was marked as present if it had grown between samplisits (one to two weeks apart) and
absent if no growth had occurred. Only the presence of pgirtikers ranked 1-3 are included
in this analysis. Secondary tillers and primary tillersked 4 or above have been omitted due
to the lack of these tillers reaching full maturity and thaited time frame at which they were
found to be present during the plant’s development. In otderalculate the green leaf area
index of the plants the number of liguled and non liguled ésawas also recorded as well as
the final lamina length and final maximum lamina width and petage area senescence of the
leaves. Final lamina length being the distance from thddigmthe tip and maximum width the
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distance between the edge of the lamina at its widest pognis&ence was estimated visually
as the percentage area of leaf which had turned yellow or torolihe number of plants from
which observations were made at each sampling date diffggedenotype and year; for non-
destructive sampling a minimum of five and maximum of ten fdgrer sampling date were
measured and for destructive a minimum of ten and a maximumidéen plants.

Air temperature, at 2 m above ground, was recorded hourly Byesenson screen located no
more than 400 m from the experimental plots in both experimiesnd 2. In experiment 1 soill
temperature was also measured at a depth of 2 m by therm@sooghted within the canopy of
one of the genotypes. These measurements were used tatalitidrmal time.

5.4.3 Data Analysis

The sowing date is used as the base date from which degreesdesisulated. For experiment
1 this was thea 6! October 2003 and for experiment 2, th&" October 2004. The accumulated
TT was calculated as

TT =Y (T -T) (5.11)

with constraints
szgTbthenT:Tb

where

T is the hourly mean air temperature divided by 24

T, is the base temperature 10), which has been reported to be the case for both spring and
winter wheat by (Bakeet al. 1986, Cao and Moss 1989, Frank and Bauer 1997, McMaster and
Wilhelm 1998).

For experiment 1, soil temperature was used to calculatené¢ime up until the point of intern-
ode extension, which is assumed to be the date when the feaftfrom the flag leaf becomes
liguled (this assumes that there is a constant number ofritegriodes which extend per geno-
type). For experiment 2 only air temperature was recordeltlans this measurement, only, was
used to calculate thermal time.
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Dynamic tiller model

The mean number of tillers per plant per genotype is caledlper sampling date and compared
against thermal time. A model is suggested that is congistih the observed pattern over all
genotypes. The suggested model is fitted using the gnlisifumict the free statistical package
R (R Development Core Team 2005), which performs numericatimear regression using a
modified Newton-Raphson method. The model is fitted sefdgratadata collected per geno-
type. For some genotypes data is absent over lower thermaldand in such cases the model is
adjusted accordingly.

Tiller Hierarchy

The ratio of each tiller (per rank) present by the potentiahber is calculated per sampling date
per genotype (as used in the GLAI (Green leaf area indexutalon). The maximum ratio
observed throughout the growing season is given as the nuaxipotential number of each tiller
rank to be produced and the ratio of tiller survival is assdneebe the ratio recorded on the final
sampling date. The hierarchy of tiller production and sualis compared between the tillers 1,
2 and 3.

Parameter Correlation

In order to reduce the parameters required to model tilleadyics model parameter correlation
is explored as is the correlation of specific timings in teohsller dynamics and GLAI and the
number of leaves on the main stem.

GLAI

Green leaf area index has been confirmed by previous studiEsassociated with tiller dynam-
ics. In order to compare the development of GLAI over time &her dynamics the GLAI is
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estimated from the phenological data collected over erpant 1 and 2 using equation 5.12.

GLAI =A—AxS (5.12)
where

A=LxWxFF (5.13)
where
A = |leaf area

S = fractional senescence

L = maximum lamina length

W = maximum lamina width

FF= form factor (This is assumed to be 0.76, see 6.1.7).

In order to obtain GLAI the mean GLAI per axis, for each samgldate, is initially calculated
and then multiplied by the assumed plant density (250%p/and the percentage presence of
each axis. The percentage presence of each axis beingataltas the number of each tiller
rank present by the potential number present (i.e the nuoftsmpled plants). The percentage
presence of the main stem being assumed to be 100%. The sume @&LAI over all axes

is given as a good estimate of GLAI. A simple model of GLAI igygasted and fitted to all
genotypes, using the gnls function within R. The GLAI ovenéo thermal time and until the
maximum GLAI is also fitted using an exponential relatiopsim order to compare the GLAI
more accurately at the thermal time of tiller cessation.

The rate of tiller death between the maximum number of 8llproduced and the number of
tillers surviving to produce a head is compared betweentypes. A comparison between this
rate and changes in GLAI at this time are also compared.

Final Number of Main Stem Leaves

Tiller development is thought to be affected by the numbdeaves on the main stem, with the
decrease in tiller numbers reducing around the same tiniétbélag leaf ligule appears (Lafarge
and Hammer 2002). In order to investigate such a relatignaHinear relation is assumed be-
tween thermal time and leaf ligule appearance. From thealimelationship the thermal time at
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which the flag leaf ligule appears is estimated (per gengtgpd this thermal time is compared
to the dynamic tiller model to investigate if a correlaticgtween the two exists.

5.4.4 Results

Dynamic Tiller Model

Tilyrod

Mean no. axes per plant

TTun TThiz TTuiz

Thermal time (dd)

Figure 5.11: Schematic diagram of the tiller model over thermal time labellddtive model parameters.

Figure 5.11 is a schematic representation of the pattersgrgbd on all genotypes from both
experiment 1 and 2, of the mean number of tillers per plant thexmal time. An initial increase
in the mean number of tillers per plant is shown to occur ogerer thermal time followed by
a plateau. This plateau represents a mean maximum numbides per plant. At the end of
this plateau, mortality of tillers occurs until a second &wplateau, which corresponds to the
maximum number of axes per plant at the end of the plants dexednt.

From this visual analysis the following model is suggestéith Wwe parameters] 1,1, TT}i0,
TTs, Tilyoq andT'ilg,,, (Shown also on Figure 5.11).
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Tt (TT = T i) for TT < TTyn
Tl prod for TTyn <TT < TTye
, Tilsuro—Tilyrod (5.14)
Tlerod + m * (TT — TT'tilg) for Tﬂim <TT < Tﬂilg
Tl gy forTT, ;3 <TT

where

TT,n is the thermal time at the beginning 6il,,,, plateau

TT is the thermal time at the end 8%!,,,, plateau

TT,;3 is the thermal time at the beginning 6itl,,., plateau

T'il,,oq IS the maximum number of axes per plant

Tl 1S the number of axes per plant after rafik;;;;

TT,.:» is the thermal time from which tillers start to be producedakhs set to be 350 degree
days

Figure 5.12 shows the tiller dynamic model against obsedagd (black points). The model
shown in green highlights where the model was found to c@av&rith the data and gives an
estimate of the parameter fit and the red, highlights whexd#st fit model was applied visually.
For genotypes Apache (AP04), Arminda (AR04) and Caphorn(GA& model was altered to
exclude the initial increase in tiller number before the maxm plateau. Table 5.13 contains
the estimated parameter values of the fitted individuartihodel for each genotype and the
ratio between the parametefsl,,.. andT'il,.,. This ratio is shown to vary greatly between
genotypes, with 0.44 (CAO05) being the lowest and 0.83 (FABé8)tighest. The fit and rmse
of the model is given per genotype in Table 5.13 to each geeotye lowest being with AR04
with ar? of 0.9 and rmse 0.06, the degree days difference betweefithg and7'7};;5 within
genotypes is small with the variation being less that 100ekdays between all genotypes.
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Figure 5.12: Mean number of tillers per plant per thermal time shown pmrogype. Circular points
are used to distinguish data collected using destructive sampling to that cdllesteg non-destructive
sampling. The green line represents the fitted model and the red line thié lbesdel.
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Gen TTun TTuwe TTus Tilyoa Tilsyn Ratio Ratepews r° +rmse
S004 732 1157 1379 2.45 1.97  0.80 —0.0022 0.99 +£0.09
S0O05 600 1050 1550 2.60 1.50 0.58 —0.0022 0.96 £0.16

CAO4 1300 1480 2.67 1.50  0.56  —0.0065 0.99 £ 0.05
CAO05 595 1216 1406 2.81 1.25 044  —-0.0082 0.95=£0.18
ARO4 1122 2349 2.14 1.67 0.78  —0.0004 0.90 £ 0.06
APO4 1185 1704 2.67 1.66 0.62 —0.0019 0.92£0.13

FAO4 850 1150 1300 2.05 1.70  0.83  —0.0023 0.97+£0.12
1S04 796 1152 1447 2.89 210 0.73  —=0.0027 0.94£0.26
OR04 756 1013 1547 2.78 223 080 —0.0010 0.98+0.13
REO4 746 1058 1619 2.38 1.17 049 —0.0022 0.98£0.11
THO4 888 1082 1633 2.33 1.44 0.62 —0.0016 0.98£0.12
mean 745 1135 1583 2.52 1.65 0.66  —0.0028

sd 106 82.63 280.95 0.28 033 0.13 0.0024

Table 5.13: Tiller model parameter values are shown along with the ratitibf.,q: 7"l ., and the rate
of tiller death betweefi'T};;3 andT'T};» and the fit of the modett & rmse)

Tiller Hierarchy

The likelihood of each tiller (rank 1, 2 and 3) being ‘alloviéd develop seems equal, see Ta-
ble 5.14 for details, were it can be observed that there idgrifeant difference between per-
centage of tillers produced according to rank. Howeverif@rtsurvival, tiller three is shown to
have a significantly lower survival rate than both tiller caned two. The survival rate for tiller
one and two is noted as being very similar.
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genotype Tiller production Tiller survival

t1l t2 t3 t1l t2 t3
S004 0.70 0.95 1.00 0.60 0.80 0.60
SO05 0.85 1.00 1.00 0.50 0.62 0.44
CA04 0.92 1.00 1.00 0.67 0.83 0.00
CAO05 1.00 1.00 1.00 0.62 0.38 0.25
APO4 1.00 0.83 1.00 0.83 0.33 0.67
ARO4 0.62 1.00 0.92 0.50 0.83 0.67
FAO4 0.67 0.92 0.85 0.67 0.83 0.17
1IS04 1.00 1.00 1.00 0.80 0.80 0.50
ORO04 1.00 1.00 1.00 1.00 0.83 0.50
REO4 0.83 0.85 0.85 0.67 0.67 0.00
THO4 0.83 0.83 0.77 0.46 0.77 0.31
mean £ sd 0.86+0.14 0.94+0.07 0.94+0.09 | 0.67£0.16 0.70£0.19 0.37£0.25

Table 5.14: The ratio of tillers emerged and survived per axis and pestgpa is shown. The mean and
standard deviation ratio of tillers emerged and survived is given per axialfgenotypes
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These results are also displayed graphically in Figure WitB the percentage of each tiller
present (to potential number) displayed against thermaé in degree days. In general, for all
genotypes, an increase is observed over lower thermal wfi@ved by a decline in ratio until
a plateau of final ratio is achieved. This final plateau is t@®gous with the data collected on
genotypes Soisson (SO05) and Caphorn (CA05) during expetritndue to the measurements
finishing earlier in the growing season than compared to xgat 1. From Figure 5.14 the
percentage of tiller 2s present is shown to be slightly gnetan tiller 1, which is slightly greater
than the percentage of tiller 3's, as mentioned. Howevernwgch genotype is considered
separately (see Figure 5.13 this pattern is not found to hsistent between genotypes.
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Model parameter correlations

Correlation between the parameters of the dynamic tiller ehade investigated. Figure 5.15
illustrates the lack of correlation found between the défé model parameter values between
genotypes. From this it was assumed that no significant ledizas exist.
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GLAI

GLAI was calculated as explained for each genotype anddadied over thermal time in Figure
5.16. It is shown in these figures to increase exponentialy mwer thermal time until a max-
imum GLAI is reached. After this point GLAI reduces signifintly over a short period of time
before reducing at a much slower rate. This is a stable patieserved on all genotypes. Figure
5.16 enables to some extent a visual comparison of the fittednhodel with the progression of
GLAI over thermal time. There are two genotypes where the Gd#ta is of good quality over
the transition points of the GLAI model, which are Soisso®(8) and Caphorn (CA04).
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Gen TTun a b GLAI
S0O04 732 0.017 0.0048  0.57
SO05 600 0.029 0.0046  0.46
CA04 mT745 0.037 0.0039  0.68
CA04 mT745 0.010 0.0053  0.52
CAO05 595 0.031 0.0045  0.45
ARO4 m745 0.007 0.0049 0.28
AP04 m745 0.065 0.0034  0.82
FAO4 8504 0.030 0.0044 1.25
1IS04 796 0.028 0.0045 1.01
OR04 756 0.090 0.0032 1.01
REO4 746 0.043 0.0038  0.73
THO4 888 0.031 0.0044 1.54

Table 5.15: The parameter values of the initial exponential part of thel®@wddel per genotype. The
genotypes wheréTy;;; is not known the medhTy;;; for all genotypes is used and indicated by a m

Tiller Cessation

From observations of the pattern of the data an exponentdeiis assumed the most appropri-
ate model of GLAI progression over lower thermal time untdximum GLAI. Only this part of
the GLAI progression over thermal time was modelled due ¢odifita being insufficient to apply
a full model and also only being interested, in terms of thering model, of the GLAI at the
point when tiller production ceases. Using this model theAGat 7'T};;; can then be estimated
and compared. It must be noted however that the quality @f oatr the period of thermal time
where significant changes in GLAI amount occur, is for mostagpes patchy. This increases
the error when trying to compare changes in tiller dynamidelavith changes in GLAI over
thermal time.

GLAI = aexp™™ (5.15)
where a and b are parameters and

TT is Thermal time

The genotypes from which the observed and modelled tilleedyic data shows good correlation
are SO04, SO05, CA05, REO4. Using only the data collected esetgenotypes a mean value
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of 0.55+ 0.13(see Table 5.15) is found for the GLAI value at whicletilkessation occurs.
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It is also of interest to investigate any correspondingti@teship of GLAI and the parameters
involved in tiller death, or rate of tiller death, as one affethe other. It would seem from the
genotypes of good data, that GLAI 6-6.5 occurs about the shemmal time that tillers no longer
die and those that are present remain to produce heads. Qtofdtie GLAI atT'7T;;» to that at
TT,;3 has been calculated for genotypes Soisson (SO04) and #&er(¢804) to be 1.34 and
1.32 respectively. These genotypes were used due theygoidiaita. The rate of tiller death has
been quantified per genotype and can be found in Table 5.13.

It can be seen from this table, and also from observing thphgraf tiller number, that the
maximum number of tillers produced and the maximum numbéhefs surviving is similar for
genotypes AR04, FA04 and SO04. Considering the GLAI of thes®types compared to that of
other genotypes. There is a greater difference between #ixénmam number and final number
of tiller with no obvious difference in leaf size (length awdlth) or GLAI, that would suggested
that smaller leaves mean more tillers survive. It must beedchdtowever that the maximum
number of tillers is arbitrary as secondary tillers were noted and neither were tillers of rank
4, due to their observed short lifespan during data cobectPerhaps these genotypes produced
more tillers of rank 4 which would have meant the tiller dei®e was comparable to that noticed
on other genotypes.

Number of Leaves on the Main Stem

Although the thermal time of leaf appearance was not diyaottasured, it has been estimated
using the methodology as set out in the analysis sectionviesiigate a possible relationship

between the onset of tiller death and the number of leavesemain stem. Table 5.16 contains
the thermal time estimated when the appearance of liguledl tdaves on the main stem has
occurred (using the linear relationship observed in sadi@.7 and the thermal time that tillers

start to reduce in number'(};;2).

For all genotypes the parametéf;;;» is similar to the thermal time at which the penultimate
leaf or final leaf is estimated to become liguled. Insteadched parameter7};) being esti-
mated within the model it is fixed to be the thermal time theytemate leaf becomes liguled.
Figure 5.17 illustrates the dynamic tiller model which uesestimated thermal time the penul-
timate leaf becomes liguled in replacement of Ttig;,, parameter. The fit of the model is shown
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Gen TTnpr TTue TInrr—1 TInpr—2 TTas TTas-TThe

S0O04 1274 1250 1167 1060 1400 150
CAO4 1308 1250 1188 1069 1450 200
APO4 1285 1210 1192 1099 1539 329
ARO4 1504 1200 1394 1284 1300 100
FAO4 1233 1150 1121 1010 1300 150
1S04 1333 977 1227 1121 1545 568
ORO0O4 1386 1018 1273 1159 1411 393
REO4 1222 1074 1118 1014 1501 427
THO4 1310 1170 1209 1108 1520 351

Table 5.16: Estimated thermal time at which the final and penultimate leaf ligppeas on the main
stem and tiller dynamic model parameters per genotype

Gen NFL NFL-1
SO04 0.8080.10 0.90%0.07
SO05 0.6450.21 0.80&0.15
ARO4 0.722£0.09 0.7920.08
APO4 0.8980.14 0.921#0.13
CAO04 0.954:0.13 0.933%0.16
CAO05 0.343:0.47 0.923%0.16
FAO4 0.748:0.09 0.4820.13
ISO4  0.55%0.31 0.686:0.26
OR04 0.6520.13 0.7920.11
REO4 0.95%0.11 0.9720.08

Table 5.17: The? 4 the rmse of the tiller dynamic model fitted using the thermal time estimated that the
ligule appears on the flag leaf (NFL) and the penultimate leaf (NFL1)

to be good, where data is sufficient (see Table 5.17 whichsiews the fit of the model using
the thermal time the flag leaf becomes liguled (NFL)). It musinoted that all the other model
parameters were fixed to the values as suggested from thétfieg of the model.
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5.4.5 Discussion

Dynamic Tiller Model

Tiller number has been shown to increase over lower therimma tintil reaching and maintain-
ing a maximum tiller number. This number of tillers is showrbe maintained for a significant
amount of time before decreasing over a short period of timel¢gree days) until reaching a
final number which then go on to produce a head. This pattemnfatand to be consistent over
all genotypes and between two genotypes over differentiggpgeasons and was also noted by
Kim et al. (2010b) and Kimet al. (2010a) when investigating tillering in response to enwviro
ment and genetics. The suggested model was found not torgenwa all data however this is
most likely due to insufficient data rather than a reflectibthe suitability of the model. When
the suggested model is fitted to the tiller data from each tygeo using both visual estimation
and the best fit estimation the fit of the model for all genosypas a-? above 0.9. No significant
correlation was found between tiller model parameters Wwaild help reduce the parameters
required to describe the tiller dynamics.

Tiller Hierarchy

Tiller hierarchy has been shown, in this chapter, to diffetieen genotypes. However when
the data is grouped from all genotypes the general patteahatdiller 2 and tiller 1 are, in gen-
eral, equally dominant, and more dominant than tiller 3lefilominance was noted by Evers
(2006) to be in accordance with appearance of tillers, lier tl is more dominant over tiller 2
etc. Lafargeet al. (2002) found with Sorghum that tiller dominance was invirselated (for
the first three tillers) to tiller appearance. Reasons f@ liherarchy are suggested by Lafarge
et al. (2002) who concluded that tiller dominance is probably dej@at on assimilate availabil-
ity from the main stem, and on early perception of inter-plaampetition, and that subsequent
development is affected by assimilate availability at theetof tiller emergence, probably de-
fined by the area of the subtending leaf and the developmstatgé of the main stem as well
as the external environment. Peterstral. (1982) noticed that tiller emergence in wheat was
highly reduced if its subtending leaf or other one above i w&cised. Hence the rate of emer-
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gence and subsequent fertility and tiller from lower axiseyarobably affected by the small area
of the subtending leaves that led to low tiller leaf area tgument, as previously suggested by
Cannel (1969). The results of this experiment show that l&k$i had a similar probability of
being produced regardless of rank but that tiller 3 had agedwehance of surviving to produce
a head, with tiller rank one and two having a similar good ceaof producing a head. The
implication of the hierarchy suggested from the analysith& a simple improvement of the
tillering sub module within the ADEL-wheat model is requreCurrently it is assumed that the
last tiller to have emerged is preferentially ‘killed’ at artain thermal time. Instead a probability
of survival is given to each tiller according to its rank.

Parameter Correlation

10 10

T T T T T T
Mean no. of tillers per plant Mean no. of tillers per plant

LAI threshold -------- - LAI threshold -------- -

Number of Tillers . LAl
Number of Tillers . LAl
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Thermal time (degree days) Thermal time (degree days)

(a) Caphorn (b) Soisson

Figure 5.18: The number of tillers as estimated from the ADEL-wheat medélown against thermal
time (red) along with the LAl model as estimated from the ADEL-wheat nj@detn). The LAI threshold
value (blue) is also included. The graph on the left represents the outtplué anodel parameterised to
simulate a field of Caphorn plants and the right the output of the modehpeterised to simulate a field
of Soisson plants.
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No correlation was observed between the parameters of tigested tiller dynamics model. It
was observed however that there is a constant GLAI value ehwitier cessation occurs. This is
a simple and computationally inexpensive way to model Supgimand ratio and light quality
effects which can be used to model more accurately tillettrddaafargeet al. (2002) found the
optimal LAI to be around 0.6, in this experiment it was foundoe 0.55. It must be noted that
only tiller appearance of the first 3 tillers was used in tmalgsis and as such the maximum
number of tillers {:ll,,,4) is artificially low for some genotypes, which would have gweced a
tiller 4. The number of tiller 4’s present however was obserduring data collection to be low,
for any one genotype. Also, the amount of time a tiller 4, gwced, survived, was not deemed
great enough for this to present a large error. The diffeedretween GLAI and LAI would also
account for a lower value being observed.

The development of GLAI over thermal time is shown here to benaportant consideration
within the tiller dynamic model. The original Sirius moddbfniesoret al. 1998b) and its later
version (Jamieson and Semenov 2000) describe GAI develugmbich includes all green area
of the plant) as a function of thermal time (Jamiestral. 1995) with no reference to current
leaf number (N). Initial GAI growth in thermal time was showmbe exponential, followed by
a linear phase and then capped at a maximum level. GAl wassth@nn to remain constant
until anthesis and then decrease quadratically. Two paeamdescribing the shape of the initial
exponential growth, and a third describing the grain fillpegiod in thermal time were suggested
to describe GAIl development. The exponential parametetisisncase are semi empirical and
require careful calibration against experimental canogtador each wheat cultivar. GLAI is
considered within the chapter and so is lower than GAI whisb &ékes into account the stem.
Within this experiment, the onset of GLAI is also shown torease exponentially until a max-
imum is achieved, however the difference to other obsesmatis that this is not maintained.
Instead a steep decrease is noted followed by a slower decraa only leaf area was taken into
account this is suggested to be why GLAI was not shown to raanself at its maximum for a
period of time.

Implementing a LAI threshold within the model was of intdréacorporating the tiller dynamic
model within the ADEL-wheat model and comparing the LAI aitiét number estimates over
thermal time it is evident that the estimate of thermal tirhevlaich tiller production ceases and
the thermal time at which LAI reaches the threshold value.65@id not match for CAO5 and
was more than a 100 degree days out. This causes an overtestimlanaximum tiller number.
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However, for genotype Soisson the thermal time at both tleesats was similar and if this
threshold was included would result in a good estimate ofimar tiller number.

Implementation of a tiller dynamic model whereby the maximoumber of tillers is not set and
tiller cessation is instead controlled by GLAI or LAl is lagil. However, as senescence is not
formally considered within the model this would also causms error if it was implemented.
It is also important to note that the number of tillers beiradcalated within the model is the
number of initiated axes. However the field data from whidlerthumber is estimated uses the
number of tillers present (visible). If the GLAI of initiadeaxes was instead used it would result
in a greater delay. Perhaps by including tiller number dénd greater than 2 cm long when
estimating GLAI from the model would have given a better cfiitpmint for tiller cessation,
however due to the way in which tiller data was collected aih only be suggested that this is
looked into in more detail with additional data and that itynggve a better way of modelling
tillers rather than using a set maximum number of tillers.

As this model did not work sufficiently well for both genotypi was considered more appro-
priate to allow the model to create tillers until a maximurnmrhber of tillers was achieved, after
which the tiller number would be maintained until the sigfaltiller death.

It is important however to understand, the measurementd i Gre not LAI as used within the

model and as senescence is not within the scope of this ttesiwot be estimated. However it
shows that there is promise in using LAl as an indicator teseddlering and thus implement-
ing a semi empirical model of tiller cessation into the modeélirthering of this idea is highly

recommended

Tiller Death

The relationship found between the time that flag leaf besoligeiled and tiller death is not
in agreement with the observation by Lawlegsal. (2005) that tiller cessation occurs once
the flag leaf on the main stem is liguled. Instead it was olexkthat the thermal time that the
penultimate leaf becomes liguled corresponds with tillessation. Ligule appearance was not
measured directly. Instead it was estimated using therieéation between leaf appearance and
thermal time and thus it is recognised that errors will haseuored, although these are assumed
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small.

5.4.6 Conclusion

A dynamic model of number of tillers over thermal time hasrbeaccessfully applied to ob-
served data from a range of genotypes over two growing seasdrich describes number of
tillers per plant using five parameters.

Tiller production is set using an equal hierarchy so thahddler has an equal chance of being
produced. Tiller survival is shown not to be equal betweders. Tillers 1 and 2 are instead
shown to be equally likely to survive and produce a viable wéh tiller 3 being the most likely
tiller to die before producing a viable ear and so at the pafititter death, T3 has a set probability
of surviving as 37% and T1 and 2, 69% (the mean of the T1 (67)l&{(d0)).

Parameter reductions are suggested by assuming that tiheaiitene at which the penultimate
leaf becomes liguled on the main stem is the time at whicértdieath commences. A rate of
death can then be applied specific to each genotype untiluhder of surviving tillers is ob-
tained (il ). Itis also suggested that further exploration into in@wgting an LAI threshold
trigger for the onset of tiller cessation takes place so moaee the need of setting the parameter
describing a maximum tiller number.
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6.1 2D Lamina Shape

Lamina of different relative phytomer rank from a range ohter wheat genotypes have been
collected over two growing seasons. Using a software cdleedina2Shape (Dornbusch and
Andrieu 2009) developed at INRA-grignon the width at equaléments from the base of each
lamina has been estimated. This data has allowed the idexa@istant leaf shape model to
be investigated. Analysis within this chapter focuses anghbtential difference in leaf shape
between genotypes, phytomer and axis rank and differentveeba lamina of two genotypes
grown under different environmental conditions. A modifiegtsion of the leaf shape model
currently implemented within ADEL-wheat is suggested assidd.

6.1.1 Leaf Shape and Area

Leaf area and shape are important parameters to be corgsidbesn modelling plant growth and
development. The amount of light intercepted by a crop, litstpsynthate production and the
amount of nitrogen stored is determined either directlyrmlirectly by leaf area. The spatial
distribution of leaf area is determined by the 3D structurthe plant, such as the orientation of
the stems and of the leaves themselves, but also by the shépeleaves. Together, leaf area
and shape can alter the micro-climate within the canopy huod the growth and development
of the crop. Within studies that focus on, for example theadrof foliar disease, both leaf area
and shape are therefore extremely important.

Within optical remote sensing knowledge of leaf area andlistribution within the canopy
is required to enable the total amount of radiation absodied reflected to be estimated ac-
curately. For microwave remote sensing experimental rebelaas demonstrated that the mi-
crowave backscatter coefficient is also sensitive to crombiss and in addition affected by the
shape and dimensions of the plant leaves and stems (Braeagli 1995, Palosciat al. 1999,
Macelloniet al. 2000)). The simulation of leaf shape is therefore also aromamt consideration
within crop models in remote sensing studies.

Leaf area is frequently estimated from mathematical modkleaf shape (Stewart and Dwyer
1999). Leaf shape models describe the geometric outlineeotieiaf as the relation between leaf
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width to the distance from the base of the blade (ligule) onfit’s tip (Fournier and Andrieu
1998). Leaf area can either be estimated by integratingrtiudel or using a simple model
suggested by Montgomery (1911) where leaf aream ,;q:,* mazie,q* form factor (ff). The
form factor being a shape characteristic. Currently withiDEAL.-wheat leaf shape is modelled
using an adapted version of the Prevot model (see equation 6.

W* = a(L*)* +bL* + 0.66 (6.1)

where

W*=w/W

L*=ulL

a=-25

b=1.84

u = distance to the base (ligule) of the lamina

L = total lamina length

w = width at point u

W = maximum width

0.66 = relative width at base ( ligule) of the lamina

Fournier and Andrieu (1998) re-expressed this model tordesteaf shape as a function of the
distance from the leaf tip instead of leaf base (ligule). sTisi a useful addition for dynamic
architectural models, as it enables the width of the leafipoemerging from the cell division
zone to be calculated at any stage of growth. The relativéhwvetithe base of the lamina is set as
0.66 but recently Dornbusatt al. (2010) suggested 0.6 to be a more appropriate value. Within
ADEL-WHEAT the co-efficient a is set as -2.3 rather than -2.55aggested by Prevot. This
relates to a form factor of 0.748.

It is generally assumed that the relative width at the licahel the form factor is constant for
all ranks of phytomer. For maize the original form factor gagted by Montgomery (1911) was
0.75, however values ranging from 0.65 to 0.85 have beenestigd by Sandersaet al. (1981)
with the most widely used value being 0.73 (McKee 1964). Ipoing wheat it has been found
to vary with phosphorus conditions (Rodrigueizal. 1998) and temperature but is unaffected
by light intensity (Bos and Neuteboom 1998). Differenceshia value of the factor therefore
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occur between plant types and also environmental conditiowever as mentioned one common
assumption to date has been that form factor is the samd feaaés on all axes. Recent research
by Dornbuschet al. (2010) however highlights architectural differences imiaa of grasses
growing within the juvenile and adult phases. This chapi@sadao suggest the most appropriate
leaf shape model for use within remote sensing studies hingakto account differences in
lamina shape between phytomer rank and genotype and cangidie potential effect on a
remote sensing signal.

6.1.2 Method

2D leaf data was collected throughout the growing seasorxpéiment 1 and 2. Most of the
plants sampled in both these experiments were tagged sphigstmer and axis rank could be
identified directly. Of those plants not tagged, the phytoarel axis rank were estimated from
phenological measurements taken from the tagged plant$eaes collected were required to
have no or very little senescence. The leaves once remowvedtfie plant were grouped per
relative phytomer rank and placed as flat and as vertical asilple with the base of the blade
(ligule) at the top of a clean piece of paper and the tip at igom. This was then scanned,
using a computer scanner and gimp software. The removal@rthsg of the leaves from the
plants were made as much as was possible on the same daydma@asurements being taken
from wilted plants. When time was limited the plants were kexgr night wrapped in moist
paper towels in a fridge and any remaining measurements thadellowing morning.

Experiment 1

At least ten lamina of all ranks from the main stem of all ggpes were attempted to be collected
throughout the growing season and additionally, for gepesySoisson and Isengrain, from the
tillers as well. Due to time restraints some ranks of lamuradifferent axes and genotypes were
not sampled. For a summary of the data that was collectedatse 6.1

All of the plants, from which lamina were removed and scanhad been destructively sampled.
It must be noted that although all these measurements wete arathe same plants relating the
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Experimentl Azis 1 2 3 4 5 6 7 8 9 10 11 12
Soisson MS * ok % k% %

T1 * * ok %

T2 * ok k%

T3 * ok k% %k ok
Isengrain MS * *x ok

T1 %k %

T2 * % ok ok %k

T3 *
Caphorn MS * ok k% * %
Recital MS * K% k% * %
Arminda MS * *
Apache MS x %
Thesee MS * % % %k
Florence — Aurore  MS * ok % ok ok %
Oratario MS * ok % ok ok k%
Experiment2 Aris 1 2 3 4 5 6 7 8 9 10 11 12
Soisson MS * ok ok k% ok ok ok ox %k

Tl x % % % % % % *x

T2 ¥ % ok x %k k%

T3 * ok k% %k ok
Caphorn MS x ok ok ok ok k% x %k

Tl * * * % * x

T2 * * x % * x %

T3 * *x % * * x %

Table 6.1: Lamina per rank, axes and genotype of which scans wheetealxdenotes scans were ac-
quired.
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data sets is not possible as the plant number was not writtéimeolamina as they were scanned.
The frequency of sampling differed between genotypes. sBaisnd Isengrain were sampled
at four stages during the growing season whereas the rekeaje@notypes were sampled at a
maximum of three dates which corresponds to the frequendgstiructive sampling.

Experiment 2

Blades of all ranks from all axes were collected from bothagpes; Soisson and Caphorn. The
sampling frequency was dependent on the progression c$senee, so that if the lamina of the
last phytomer rank to have been scanned started to senesocentiining liguled lamina were
scanned as soon as possible. Due to the reduction in the nwihtagged plants available for
destructive sampling, as described in the methodologytehagestructive sampling was initially
carried out on un tagged plants, later on in developmentulgste sampling was carried out on
half the plants on which non-destructive measurements taeirg made and then finally on the
remaining non destructively sampled plants. Using nomdgplants early on in development
required the ranks of phytomer and axis to be identified,las carried out by referring to the
non destructive measurements on the same genotype.

6.1.3 Measurements

Lamina2Shape (Dornbusch and Andrieu 2009) developed byAHyfRgnon was used to calcu-
late leaf width at increments from the base of the leaf to e An overview of the software
is given here however for a more detailed description seenlgmch and Andrieu (2009). The
software initially creates a binary image of the scannedramHowever any white marks left
on the leaves from the tagging process of Experiment 1, ctngsbinary image of the leaf to
have gaps where the tag is present, so these marks are addmsified and edited. The binary
images of all lamina are smoothed so that the shape of tha@daisimaintained but the edges are
more continuous and less jagged. A smooth binary image ¢f lea€ allows for the midrib to be
easily identified and the maximum width at increments from ltkaf base to be estimated. The
data obtained per blade is the width at each increment frenbése of the leaf, the maximum
length and total area. Maximum width is obtained by extragthe maximum width from the
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width measured at each increment from the base of the lamina.

6.1.4 Data Analysis

The 2D leaf shape software calculates the width of the leafa@ements from the base of the
lamina and so is initially rearranged so that the width dat&om the tip of the leaf instead.
Random noise is added to each data point (lamina width agmments from tip). The maximum
noise added is equal to the length of one pixel and is includedake sure the data is more
continuous. Initially, maximum length and maximum widthtbé scanned lamina is compared
to the same data collected using destructive and non-@éisgsampling, on the same genotypes
and during the same experiment. As only median plants are tséd, the maximum length and
width of the scanned lamina are compared to the same da&ctadl within the field. Where the
maximum length or width are within the standard deviatioB) (&f the same data obtained from
destructive and non destructive sampling, the scannedhaare used in the rest of this analysis,
those that fall outside this limit are disregarded. Phytoraek of lamina is altered within this
analysis so that rank O represents the flag leaf and rank leth@tpnate leaf and so on. This is
carried out to allow easier comparison between lamina obtygres with different final number
of leaves.

The idea of a constant leaf shape model is investigated byaong the form factor of the
lamina over the different phytomer rank, axis and genotygé® form factor of each lamina is
calculated using egn 6.2. The leaf area used is that whicttimated from the image software.

Formfactor = Area/(LpraaWaraz) (6.2)

whereL ;.. andWW,,,. are maximum lamina length and width respectively.

The idea of a constant leaf shape model is further invegtitbaly comparing the normalised
length along the midrib that maximum width occurs and themwadised width at the base of
the lamina (ligule) for lamina of different phytomer rankes\different axis and for a variety of
genotypes. This data is obtained by normalising the lerging the midrib) and the width of
the lamina and applying a spline from which the two data goifiinterest are extracted.
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The constant leaf shape model as currently implementednwWMDEL-wheat is re parameterised
using the findings from this analysis and the fit of this modetémpared against rank, axis
and genotype. Leaf area and form factor are estimated frasmibdel ( via integration of re
parameterised model) and compared to observed values {@sed from the Lamina2Shape
software).

Further analysis is carried out which highlights the pasigjbof re-expressing the currently
implemented 2D leaf shape model. This model has the advaotfagquiring form factor as its
only parameter. The fit of this model is compared againstqhgr rank and genotype.

6.1.5 Results

Form Factor

The form factor of all ranks over all axis for all genotypesrfr experiment 1 and 2 are displayed
in Figure 6.1.

The rank is given as the number from the last phytomer (flafy,leéth the flag leaf given a value
0 and the penultimate leaf a value 1 etc. The results froneatfanova suggest that there is no
significant difference in form factor over rank or betweemagigypes. However from Figure 6.1
it does seem that winter leaves and flag leaves may have eediffeorm factor to other lamina.
The mean form factor for all lamina is 0.773 (confidence waépf 0.002) and the mean when
excluding the winter and flag leaves (so ranks 2-8) is 0.780f{dence interval of 0.002). No
consistent difference in form factor is noted between asé (Figure 6.2). A difference however
is observed in form factor between the same genotypes, @o@sd Caphorn, grown under
different environmental conditions (experiments 1 ands®e(Figure 6.2 and Figure 6.3). In
experiment 2 the lamina of both genotypes Soisson and Capln@shown, in general, to have a
higher form factor than that measured in experiment 1. Lanfiom tillers were only collected
from genotype Soisson over both experiments and thus tisisreation for Caphorn is based on
main stem data only.



CHAPTER 6. ARCHITECTURE 169

0.85 0.90
Il 1

0.80
Il

ff
0.75
Il

b 4
%/ji b

0.70
Il

0.65
Il

0.60
|

T T T T T T T
0 2 4 6 8 10 12

rank from top

Figure 6.1: Form factor (ff) of leaves against leaf rank, which is givemasber from flag leaf, with flag
leaf being rank 0. Each colour represents a different genotype. guilan points distinguish genotypes
from experiment 2 (2005) from those from experiment 1 (2004) whielslaown with circular points.
Main stem data is shown only.
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Figure 6.2: Form factor of leaves of genotypes Soisson and Isengmindkperiments 1 (04) and Soisson
and Caphorn from experiments 2 (05). Main stem in shown in black, tiller &dntiller 2 in green and
tiller 3 in blue.
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Figure 6.3: Form factor of leaves of genotypes Soisson and Caphamdrperiments 1 (04) and 2 (05).
S004 is shown in black, SO05 red, CA04 green and CAO5 blue.
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Normalised lamina length at maximum lamina width

Figures 6.4 illustrate for different genotypes and diffémanks, normalised lamina width against
normalised lamina length.

normalised leaf width
normalised leaf width

0.0

T T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

normalised leaf length normalised leaf length

(a) FAO4 Rank 3 from top (b) SO04 Rank 2 from top

normalised leaf width
normalised leaf width

0.0

T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

normalised leaf length normalised leaf length

(c) SO04 Rank 4 from top (d) CA04 Rank 2 from top

Figure 6.4: Spline (in red) through the normalised width against normalisadth from base of leaf for
different genotypes and ranks.

The maximum width of the leaf is observed to occur at a faidpstant normalised length from
the tip of the leaf, the mean being 0.350.08 for all genotypes and ranks and axis and from
both experiments. If flag leaves are considered on their dvmiean is 0.33 0.06 which is
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within the general mean. If lamina of ranks 2-4 are consideepearately the mean is 0.35
0.09 and if lamina of ranks 6-8 the means is 0438.07, again both of these are within the the
general mean.

Normalised lamina width at the base is shown in Figures 6ibdiease the lower the phytomer
rank, with flag leaves having the smallest normalised baskhwiThe variation in normalised
base width seems consistent over rank, axis and genotyfie tw mean over all genotypes,
ranks and axis being 0.7 0.06, for flag leaves on their own, it is 0.6330.04 and for ranks
2-4 0.73+ 0.04 and for ranks 6-8 0.72 0.05. Flag leaves have a range of normalised base
width that is lower than that of the more general mean value.

1.0
10

0.6
0.6

Normalised length at max width
Normalised width at base

04
1 1

O o
+——e-@000068 O

0.2
0.2
|

T T T T T T T T T T T
2 4 6 8 10 0 2 4 6 8 10

Rank from top Rank from top

(a) Normalised length at max width (b) Normalised base width

Figure 6.5: Mean sd of normalised length and maximum width and normaliséith at base of leaf
(ligule) for all genotypes, all ranks from both experiment one and two

Parameterisation of 2D leaf Model

Accepting the difference noted in normalised lamina basktwof flag leaves and the small error
of assuming a constant normalised lamina base width foeallds, the rest of the data suggests
that a constant model is appropriate for modelling 2D leafpsh



CHAPTER 6. ARCHITECTURE 174

Rank Axis CA05 SO05 CA04 SO04 1S04 AP0O4 RE04 ORO04 FA04 ARO04 THO4

1 0

2 0 0.63

3 0 094 0.83

4 0 069 091

5 0 066 084 0.75 090 069 092 0.73

6 0 068 075 040 0.79 092 040 087 0.87

7 0 067 065 081 091 084 091 094 09 075 0.79
8 0 073 065 082 0.78 0.80 0.86  0.80 0.79
9 0 081 0.82 0.90 0.86 0.94 0.92
10 0O 079 07 093 092 093 087 098 097 0.92
11 0 08 08 096 0.87 0.96 0.94 0.89  0.98
12 0 097 094 095 0.97

Table 6.2: The r squared of the fit of the quadratic model to main stemdeave

Currently the leaf shape model within ADEL is an adapted wersf the prevot model. It

requires three parameters; a, b and c. Using the obsersgatiom experiments 1 and 2 the
parameters are set to -2.3, 1.59, 0.73 respectively. Thagegeto the maximum width occurring
at 0.36 normalised length from the tip and the width at théogmg zero and the normal width
at the ligule being 0.73.

This model was fitted to all leaves from all genotypes ovehlaxperiments, see Figure 6.6.

The fit of the model to main stem leaves is summarized in tal2le®d the fit and rmse is shown
per rank from top for all leaves in Figure 6.7

The fit of the leaf shape model is shown to be good for all rarikdl genotypes with the lowest

r? value being 0.63 for early leaves on SO05 where the sampliradity and quantity would
have been lower compared to other leaves measured.

Checking the re parameterised model

Comparison between the area of the leaf estimated by integrtte leaf shape function and
that estimated by the leaf shape software can be observaeyline$i6.8. This comparison is only
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Figure 6.6: Suggested lamina shape model shown in red. The black pepresent the normalised
width against normalised length from the base of leaf. This is shown fortgmm&lorence Aurore on a
phytomer rank 3 lamina, for Soisson on a pyhtomer rank 2 and also rdak#ha (experiment 1) and of
a lamina of phytomer rank 2 of genotype Caphorn (experiment 1).
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carried out for 2004 data and not 2005 due to an error in thevaoé calculating area within the
software during the 2005 experiment.

0.5 15
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mean r squared with sd error
-0.5 0.0
1 1

-1.0
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0 2 4 6 8 10

Rank from Top

Figure 6.7: Mean fit of the suggested leaf shape model is shown pepfdamina, with rank O represent-
ing the flag leaf and the penultimate leaf rank 1 etc. The mean fit is showH {mretypes with the axis
from which the lamina are growing distinguished by colour. Black is main stedrtjller 1, blue tiller 2
and green tiller 3
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As can be see from figures 6.8 the difference between obsamneanodelled leaf area are not
significant.A KS test was also carried out with the resultsrghg that the data sets are similar.
(Soisson: D=0.1034, P=0.1669, Isengrain: D=0.0926, PE®&,/Florence-Aurore: D=0.1579,
P=0.7307, Caphorn: D=0.1064, P=0.9564).

The estimated form factor using this leaf shape model is (it7iS constant as the model is
constant). This is different from that noticed in the ifitsanalysis which suggested a higher
form factor of 0.78. Comparison of the constant (modelledinféactor of 0.75 (as suggested
from the constant leaf shape model) and the form factor (obsg as estimated from the leaf
shape software can be observed in figures 6.9

The modelled form factor as estimated using the constanems@dequate for all leaves. Due
to the observations that flag leaves although found not tadeefisantly different, did differ in
shape to the rest of the leaves per plant, it was considereav® the difference in shape of the
flag leaf to be a percentage of the previous leaves. Howeeedifference between the shape
of the flag leaf and previous leaves is not consistent betweaotypes, instead the the small
error, within remote sensing applications, is assumeddabée in order to keep the number of
parameters of the model low. This is further confirmed by treaaf the leaves as estimated
using the form factor of the constant model and that estichbyethe leaf shape software being
adequate for all ranks including the flag leaf.

Re express 2D Leaf Model

A further improvement in terms of reduction of the number afgmeters and inclusion of more
intuitive parameters is suggested. The adapted PrevotIncadently used within the ADEL
wheat to simulate leaf shape is suggested to be re arrangeskpressed using form factor (ff).

This model is obtained by assuming a constant leaf shapeildeddy a simple quadratic and
omitting the constraint of set normalised leaf width at thsdof the leaf.

y = ax’+bx
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where:
x = length from the base of the leaf
y = width of leaf

Considering the differential of y at the length from the bas#he lamina where maximum width
OCCUrS {1az):

y =0
= 2axr+b
—b
Tmax — S
2a

and that the area under the curve is the form factor (ff):

=ff

wle
_|_
O~

and considering the two constraints 1. The base of the |leafatdbe negative or bigger than one
due to being normalised:

0< ¢ <1
and 2. The normalised length along the leaf at maximum widtistrbe less than 0.5 or larger

than 0 otherwise the base of the leaf would be negative, wdaohot be true, (as stated above):

0<= Zpae <0.5
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Taking into account these constraints and using matheatatie constant leaf shape model can
be expressed in terms of form factor.

_ 3+ 6ff(1—x)*+sqrt(3)sqrt(—((=3 +4ff)(1 —3x)*(—=1 +)?) + 3(4 — 3z)(1 — x))
2

(6.3)

where:
x = length from the base of the leaf
y = width of leaf

There are two possible descriptions of leaf shape from tludehdue to the positive and nega-
tive component (see Figure6.10). Itis also of interest te tloat the form factor is itself limited.
It would have to be greater than 2/3 (0.67) and less than caldqu0.75. This is due to the
constraints of the base width, in that it must be greater thanless than 1 (due to it being nor-
malised) and that the length from the base along the leafevherwidth of the leaf is maximum
must be 0.5 or lower with these constraints.

1.0

0.4 0.6 0.8

normalised leaf width

0.2

0.0

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

normalised leaf length

Figure 6.10: The leaf shape shown with two solutions. The black is calculiatad the negative root and
the red line the positive root of the equation.

It may be possible to include an additional parameter to kenalnigher form factor than 0.75
as was observed with the experimental data. This would bieath by using a power function.
See Figures 6.11.
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The fit of this model to observed data was found comparable tivé re- parameterised constant
leaf shape model already implemented within ADEL-whe&fsgures 6.12).
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normalised leaf length

Figure 6.11: The black line with points is the shape function using form facto90,7fhe red is the
shape function with the same form factor (0.7499) with a the normalised lengt tie leaf raised to a
power of 0.2, green line = 0.3, blue line =0.4 and turquoise line=0.5



CHAPTER 6. ARCHITECTURE 183

mean r squared with sd error

0.0
Il

-0.5
|

T T T T T T

Rank from Top

Figure 6.12: Mean fit of the new suggested leaf shape model is shawargeof lamina, with rank 0

representing the flag leaf and the penultimate leaf rank 1 etc. The measHimn for all genotypes with
the axis from which the lamina are growing distinguished by colour. Black ia stam, red tiller 1, blue

tiller 2 and green tiller 3
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6.1.6 Discussion

The overalnew | aim of the work for this thesis is to re-pargemese the ADEL-wheat model so
that it is generic and requires a small number of parameténis. analysis of form factor, as used
to estimate leaf area, has shown that any differences in factor between rank of leaves and
genotype are small and the addition of parameters to desla#df shape and area for leaves of
different rank or genotype not required.

However, although statistically proven not to be significimere does seem to be a difference in
the form factor of winter leaves. The implications of thig #inat a lower form factor is assumed
to be appropriate for such leaves and using the current nibdedrea of these early leaves will
be possibly overestimated. This in turn with affect the grésaf area which is the switch (at
0.55 GLAI) to initiate tiller cessation and must be consatewhen looking at model outputs if
gueries are raised around such areas in the model output.

It is interesting to note that environmental conditions éera to have an affect on form fac-
tor with a difference noted between the form factor of Saiskxaves in experiment 1 and 2
(SO04 and SOO05 respectively). Differences in leaf lengthwitlth were also observed for this
genotype between years, with SO05 having longer and shgtiter leaves than SO04 leaves.
To investigate environmental effects on form factor furtdata would have to be collected to
confirm this.

implementing into ADEL-wheat

The model currently implemented within ADEL-wheat is agpiate as a generic model. This
is a simple quadratic model that assumes a constant shapeamke axis and genotypes and
different environmental conditions.

W*=al*? + b(L*) +c
L* is the normalised length of the leaf from the base
W* is the normalised width of the leaf at length L
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Lamina Area = W*L*0.748
where

W= Max Lamina Width

L= Max Lamina Length

However to reduce parameter inputs into the model it is as®uggested that the model is re
expressed in terms of form factor. The form factor being s€L75.

We — —3+6FF(1 — L*) & sqrt(3)sqrt((3 —4FF)(1 —3L)*(1 — L)> + 3(4 — 3L)) * L
2

(6.4)

6.1.7 Conclusion

From the results collected from experiments 1 and 2 the factof has been shown to be similar
for all leaves of all genotypes on all axis for two differembgying seasons. The simple quadratic
model currently implemented in ADEL-wheat is consideredéothe most appropriate for the
modelling of 2D leaf shape with small alterations to the paeter values to allow variations
between genotypes and axis and rank as found in the two expets. It was considered that
the flag and winter leaves should have different parameitiiss as the form factor was found
to be lower than other leaves, although not significantlye €ktra parameterisation was deemed
unnecessary as the lamina area and shape was found to batedtamcurately with the constant
model.
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6.2 3D Lamina Shape

The 3D geometry of individual plants and their spatial agements in a canopy strongly affect
the quantity and quality of radiation intercepted, scatiesind emitted within the canopy. This
in turn not only affects the micro environment and the plagrtsvth and development but also
the remote sensing signal. The 3D structure of the plantetbre an important consideration
within crop models to be used within remote sensing studv@sious aspects of the plants ar-
chitecture must be considered; the angle of the main stentilad, the curvature of the leaves
within the canopy and the phyllotaxy of the leaves along tlaénnstem and tillers. The differ-
ence of these characteristics, between genotypes andféite @fi the remote sensing signal are
therefore of particular interest within this chapter. Cuathg within ADEL-wheat, 3D Architec-
ture is simulated by considering such characteristics gdvewthe individual models are based on
data obtained from one genotype of winter wheat only. Thaptér looks at the current models
already in place and investigates whether they are apatepior a variety of genotypes.

Figure 6.13 illustrates the different models used to descmidrib curvature within ADEL-
wheat. Different models are used to describe the ascendim@fihe leaf and the descending. A
parabola is used to describe the ascending model and asedlhip descending. A ratio between
parabola length and ellipse length is used to describe tlmeianascending and descending, with
1 being a leaf that is described using only a parabola model.
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Figure 6.13: Parameterisation of the blade midrib curvature with modelse ascending part is a
parabola and the descending part is an ellipse. Reproduced from iflenet al. 2000) pg 88.

There are two parameter®,, and ®,, used to describe the parabola modél, describes the
tangent of the inclination angle (from the horizontal) andis normalised by this angle and de-
scribes the angular curvature at the tip of the parabolafedso the horizontal. The normalising
of this angle means that leaves cannot be simulated whetgthagle (from the horizontal) is
more than the base inclination angle, which would give a temfing in towards the stem. It
addition it means that leaves are not able to have an indimangle less than the horizontal, so
no negative angles.

There are three parameters, d, e arahd®; used to describe the ellipse model. d is the length
of the horizontal ellipse axis, e the length of the vertidapse axis,c whose absolute value is
the ellipse eccentricity andl; which is the top tangent(See Figure 6.13).

An additional parameter is also used to describe midribature which isP.,,s. This parameter
gives the proportion of the length of the leaf that is desstibsing the parabola model.

Whilst the leaf is emerging, it is simulated to have an erduteharacteristic and only takes on

the parameterised 3D shape once the sheath appears, matdid$n Figure 6.14. The parameter-

isation of the model which describes how the leaf emergestishtouched as 3D measurements
were only collected on leaves once the ligule was formed.
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Figure 6.14: lllustration of the architecture of an emerging leaf.
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Currently within ADEL-wheat the lower leaves are expectetiégpurely ascending and as such
only the parabola model is applied. The higher leaves arenaesd to be a mixture of purely
ascending leaves and leaves that have ascending and deggeauds, this is modelled using the
P...s parameter as mentioned.

Within this chapter a modification to this midrib curvaturede! is suggested whereby only a
parabola model is used to describe the 3D shape of all leavesder to suggest such modifica-
tions data on the 3D structure of the plants is required. &laee several methodologies used to
measure the 3D dimensions of a plant. A review of the differeaethodologies has been made
by (Rakocevicet al. 2001) and specifically for functional structural crop mad@teijdenet al.
2007) with a brief review given in this thesis in Chapter 1.

A magnetic contact digitiser (rather than use of string arrgt) was decided the most appropriate
to collect the 3 Dimensional data for this research. It wasd#sl to be the most suitable as the
orientation angle can be measured and an accuracy of a féimetiles can be expected within
small canopies (Rakocevat al. 2001). Although the measurements are laborious, planhsrga
can be distinguished and recorded during measurementshvidinot always possible using
non contact digitisers. The data obtained can also be pedassing a selection of software
removing the need to solve the complex problem of reconstiche plant structure from a
scatter diagram of spatial points.
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6.2.1 Methodology/Data Collection

Method

Digitising was mostly carried out in the field, however on @eeasion plants were removed from
the field and measured in a greenhouse due to the wind. Agligind Polhemus software was
used. Points were recorded up the main stem with the posifitiguled leaves recorded with
their rank, where known or their rank from the top leaf if nBbints were also taken along each
non senescing lamina of the main stem, with points recordi¢ideabase of the lamina (collar)
and then at 1-2 cm intervals along the leaf until the tip.

Experiment One

The architecture of the tillers and angle from the main steas measured for tagged plants of
genotype Soisson (SO04) and Isengrain (1S04), with onlyserescing lamina being measured.
Ideally at each sampling date a sample set of twenty plantgeiootypes Soisson and Isengrain
were measured and at least 13 plants for the other genotypeshowever was not always possi-
ble due to weather conditions and as such sampling was negaliar intervals for all genotypes
although it was attempted to be so that all ranks of leaveddimridigitised, especially for geno-
types Soisson and Isengrain. Table 6.3 documents the nushp&nts measured per genotype
at each sampling date and whether the tillers were measuneot.oOn the last sampling date,
the plants of some genotypes were removed from the field agitdséid within the laboratory,
this was due to the wind moving the plants whilst measuresnemte being taken. The data
collected on tiller angle cannot therefore be used for asialgf main stem or tiller angle.

SO IS AR CA FA OR RE

Datel 20 20 15 13 8 13 13
Date2 19 20 12 13 13 13 13
Date3 15 16 8 6 13 13 12
Date4 14 16

Table 6.3: Number of plants per sampling date per genotype digitised. Neimand tillers digitised on
Soisson (SO)and Isengrain (IS) and main stem only for other genotypes
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Experiment Two

Digitisation of both genotypes (Soisson (SO05) and CaphBADE)) was intended to occur at
the beginning of the six week sampling period and at the eomekier due to weather conditions
only one set of data was obtained for genotype Soisson (twe wlatained for Caphorn). Due
to abnormalities in the condition of the field, the taggedndadue to be digitised were not
representative of the rest of the field. Instead represgatplants were chosen away from these
affected sites and non tagged plants digitised from the tapeoplant down. This enabled each
lamina to be digitised and its rank recorded as flag leaf, #af-L etc. Tillers were also digitised,
however the rank could not be identified with a high degreecotieacy and so instead identified
as ‘non main stem’.

6.2.2 Data Analysis

The original data from the Polhemus software was re-organgs that blade and stem data could
be extracted along with rank of leaf and rank of axis effestjivto allow for analysis and plotting
of the data. The x,y,z coordinates of each digitised poirtherplant was related back to the x y
z co-ordinates at the base of the main stem of the plant, wiashset to 0 0 0.

Main Stem and Tiller Angle

In order to ascertain the angle of the main stem, a spline waed through the extracted Pol-
hemium data from the main stem. The direction vector wasidtafrom this spline data and
the difference between the vertical assumed to represerdrigle of the main stem. The same
method was applied to the tiller stem data and the angleiveltd the main stem obtained. In
ADEL wheat the tiller is assumed to become more vertical tiithér from the base of the tiller.
This is modelled according to the appearance of internoldegahe tiller. The position and ap-
pearance of internodes along the tiller were not recordedimvthe data obtained in experiment
one or two and as such the model cannot be fully validated.
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Midrib curvature

Leaf architectural data is obtained from the co-ordinatessanred with the Polhemus software.
It is initially assumed that each leaf lies within one plamy @ossible twisting of the leaf is
ignored. For each leaf the most appropriate plane is esguinaging a function that interpolates
between consecutive points and a spline fitted. In additierdistance from the leaf base to the
tip is normalised and the inclination angle at regular srméirvals calculated. It is this data
that is used to compare leaf architecture. Phytomer rank tap, so flag leaf is rank 1, is used
to compare the architecture of leaves from different plaftse architecture is also compared
between genotypes, of which the analysis focuses on two gesiatypes, Soisson and Caphorn.
Soisson leaves are generally more planophile and Caphore erectophile and it is due to
these architectural differences that these two genotymebeing compared. Comparisons are
also made between the leaves of different axis and betwaeadeof the same genotype grown
under differing environmental conditions.

Within the ADEL-wheat model the leaf curvature is modellesing two models, a parabola
and an ellipse model, with the lower earlier leaves beingiilesd using only a parabola model.
Within this analysis this parabola model is considered appate for all leaves. This is due to the
lack of significant differences found in architecture bedweanks of leaves when comparing the
two parameters required to describe the model; inclinadiogle at the base and at the tip. These
parameters are estimated from the fitted quadratic modet@amgared between genotypes, rank
and axis.

Phyllotaxy

In order to consider the phyllotaxy of the leaves up the stdr®,main stem is rotated to the
vertical position and the angle between the successiveseatien looking down the stem from
the tip are calculated. Due to senescence not all leavesgitiset] at one time per plant. The
angle between successive leaves is therefore analyseamithiwo or at the most four leaves.
The analysis of this data is as such, not in depth, but giveesdea of the possible phyllotaxy
differences between genotype and if the current model f&cgarit. The direction of each leaf
is initially ascertained from the results of the splineMeadtion which forces the leaf into one
appropriate plane. The angle between the plane each swdrddqaf falls in is then calculated
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and comparisons over rank and genotype are made.
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6.2.3 Results

Main Stem Angle

The direction vector of the main stem for all digitised pkat all genotypes was obtained once a
spline had been forced through the extracted Polhemium @awmangle of the main stem is not
assumed to be vertical in this analysis. Table 6.4 displagshgle in degrees the main stem lies
from the vertical for each genotype data and Table 6.5 thenraagle from the vertical the main
stem is at each sampling date for two genotypes, Soisson4)S&l Isengrain (1S04). Only
the main stem data where the error of the fitting of the splmeugh the points collected on the
main stem were 0.9 or above were used in this calculation.

Genotype Mean: sd
S004 5.2 4+10.33

1IS04 2.8 £5.61
CAO4 2.3 +2.67
REO4 4.0£3.71
ARO4 5.1 +£8.51
ORO0O4 4.2+£5.55

Table 6.4: The meatt st dev of the main stem angle in degrees from the vertical

Date Thermal time SO04 S04
mean+ sd meant sd
1 700 24.2 +£20.03 27.8+17.22
2 900 4.6 £ 3.22 5.24+5.65
3 1250 0.8+1.43 0.1+0.12
4 2000 0.2+0.12 0.1+0.12

Table 6.5: The mean main stem angle in degrees from vertical and sd pglisg date for Soisson
(S004) and Isengrain (1S04)

From the results it can be observed that the deviation of thie stem from a purely vertical stem

is small, with the largest mean distance from the verticaldp8.16+ 10.33 degrees for genotype
Soisson and the smallest of 2.272.67 degrees for Caphorn. It is interesting to note that the
Caphorn and Recital plants have a far lower deviation wherpewed to genotypes Soisson and
Arminda. It is also of interest that the main stem deviatess figom the vertical the later on
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in development which is suggested to be due to the strenigheh the main stem due to the
extension of the internodes. Currently within the ADEL mothed main stem is parameterised
at angle 10 which from this analysis seems quite high and arage value of 4 for a generic
model seems more appropriate.

Tiller Stem Angle

A low rmse was found when a linear spline is fitted to the tilem data and so it is assumed
acceptable to consider the tillers to be straight. The abgteveen the main stem and the three
tillers (rank 1, 2 & 3) was found to vary according to sampldage, with the tillers measured at

earlier sampling dates (closer to emergence) having aggraagle from the main stem compared
to those measured later on (further from emergence) (sde tab).

1504 1504 1504 S004 SO04  SO04
Angle No.of No.of Angle No.of No.of
Axzis Date Mean £+ sd Leaves Nodes Mean 4 sd Leaves Nodes

1 1 303+11 3,2 0 37.6+£20 4,3 0
2 94+6 6,5 5 6.6+ 4 5,4 4
3 43+4 6,6 5 41+4 9,8 8
4 4.6+4 6,6 8 A7+4 9,9 9
2 1 281+13 3,2 0 35.4+21 3,2 0
p 10347 5,4 4 7544 5,4 4
3 5143 5,5 8 6.0 +3 8,8 8
4 5443 5,5 8 5.9+ 3 8,8 8
3 1 2W6+10 21 0 372+19 2.1 0
2 9146 4,3 3 6.9+4 4,3 3
3 4343 4,4 7 3.9+ 2 7.6 6
4 NA 4,4 7 NA 7,7 7

Table 6.6: Meant SD of the angle each tiller (1-3) is from the main stem for genotype 1SO4ytiaa)
and SO04 (Soisson) at the four sampling dates. The number of leavesilefound at each sampling
date is given as number of visable leaves, number of leaves with liguléab@h@yhest phytomer number
of extending internodes

The model currently implemented within ADEL, takes changglier angle into account. It does
this by adjusting the tiller angle relative to the main stewtgording to the number of internodes
extended on the stem,() as summarised below.
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inc = -INCT for n,=1

inc = 3/4 INCT forn,=2
inc = 1/6 INCT forn,=3
inc = 1/12 INCT forn,=4

where:

inc is the inclination between successive internodes

INCT the absolute angle between vertical and most basahiotiers
n, the rank of the internode

This model suggests that the inclination of the tiller beesmmore erectophile as the tiller de-
velops, which is confirmed by the data collected in experinoge and two (see Table6.6). The
value of the parameter INCT cannot be validated due to theepoesof internodes on tillers not
being recorded during the digitisation. However by utilgsithe destructive data, the number of
extending (although not fully extended) internodes candseaated with this tiller angle data,
which is shown in Table 6.6. It must be noted that the destreidata was not taken on the same
date but within a few days of digitising. Tiller inclinati@ngle is shown (see Table 6.6 to decline
substantially between date 1 and 2, such as the extensiateofiode rank 2 and 3 as suggested
within ADEL if INCT is 60 (see below).

inc is 45, forn,=2
incis 10, forn,=3
incis 5, forn,=4

The final angle is shown in Table 6.6 to also be approximatelgdas such, it is suggested that
INCT should remain as 60.

No comparison on tiller angle can be made between experiorenand two meaning that en-
vironmental differences in growing conditions cannot benpared, as data on tillers was not
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recorded on genotype Soisson in experiment two.

Midrib Curvature

Figure 6.15 illustrates two leaves, one from genotype Caplamd the other from genotype

Soisson. Figure a, shows the leaves using its x y coordirtates a spline has been fitted to
the original x, y, z data. This spline forces the leaf into @hene. Figure b, shows the same
leaves but described using inclination angle over the nbsethleaf length. From observing the
characteristics of leaf curvature using the x y coordinated the pattern of inclination angle
over normalised leaf length it is suggested that a quadratidel (see equation 6.5) fitted to
inclination angle data is the most appropriate model to m@senidrib curvature. Figure 6.15b

shows this quadratic model using a solid line.

TA =alL +b(L)? (6.5)

where
L is the normalised length along the leaf from the base and
IA is the inclination angle.
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Figure 6.15: The original x,y coordinates of two leaves are shown in Egur Figure b, shows the
same two leaves when described using inclination angle along the normbdefeléngth and the fitted
guadratic model.
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The quadratic model was applied to all measured leaves anfittim terms ofr? found to be
high for all leaves regardless of rank, axis, genotype owgrg conditions, with an acceptable
r? for all leaves of above 0.8. The rmse of the fit of the model Wwss eompared over phytomer
rank, see Figure 6.16. Within this figure data from experitare and two is distinguished by
colour, as well as between leaves from different axis. Theerwf Soisson leaves is shown to
have a slightly greater deviation over lower rank of leav@spared to Caphorn. The variation of
rmse between the two years is shown to be similar for both types. No significant distinction
between rank, axis or genotypes however could be made irstefrtine fit of the model and is
thus suggested to be a relevant model for all leaves.
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Figure 6.16: Figures a and b, The rmse of the fit of the quadratic modeilitiib curvature of leaves of

differing ranks (main stem only) for genotypes Caphorn and Soissaia. dbgained (per genotype) from
experiment one and two is distinguished by colour (Soisson black = iexgatr one, red = experiment
two, Caphorn, green = experiment one and blue = experiment two.réguiand d, The rmse of the fit of
the quadratic model to midrib curvature of leaves of differing ranks witta di@m axis distinguished by

colour. Black = main stem, Red = tiller one, Blue = tiller two and Green=tiller thréé&e two genotypes

shown are Soisson and Isengrain
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The parameters a and b of the quadratic model are comparell fieaves. Only the leaves
where the model has been fitted with a low rms&) are included in this analysis. Figure 6.17
illustrates the value of the a and b parameters of the fittetliguiic model per leaf rank for
genotypes Soisson and Caphorn (using main stem data onlyhasd where the model fitted
with a rmse of< 2). The values are shown to remain fairly constant over aksaand between
genotypes. A difference between data obtained from ex@grirmne and two for each genotype
is noted with the parameter A being consistently lower fathbgenotypes grown in experiment
two. The deviation from the mean of this parameter is alsevsito be much reduced, although
the sample size was also reduced in experiment two. Althduigldifference is noted no signif-
icant difference is shown and as such the data collecteagl@®04 and 2005 experiments for
both genotypes will be considered as one data set from hevards.
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Figure 6.18: The mean and standard deviation of the inclination angle pek feom top, at the base,
middle and tip of the leaves on the main stem. The red circles represesbSddata collected over
experiment 1 and 2) and the black squares, Caphorn (data collectceaperiment 1 and 2).

It is assumed that the quadratic model is appropriate foteales. No correlation between
the parameters a and b were found and no significant differeaa be observed between the
architecture of winter leaves and higher leaves.

Currently within the ADEL wheat model the parabola model isressed using inclination at the
base of the leaf and tip to describe the curvature of the kedvsing the fitted quadratic model,
these two parameters were estimated, assuming the baseleéthis 0.1 normalised length from
the base. In addition the inclination angle at the middlenhefleaf was also estimated.

Within ADEL-wheat these two parameters are set as angles fnr@ azimuth rather than from

the main stem and as such the inclination angles will be destmwithin this analysis as such.

Figure 6.18 displays the base, middle and tip angles foreleay Caphorn and Soisson (using
data from experiment one and two) per phytomer rank from tiayg (eaf is rank 1).

The inclination angle at the base of the leaves is shown ftir penotypes to be very close to the
angle of the stem. The deviation from the mean base inatinatngle is shown to be greater for
the leaves of lower phytomer rank. The inclination angleway along the leaf is shown to be
stable over phytomer rank. An increased deviation from tleammiddle inclination angle over
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the lower ranks is however also noticeable for both genatypeslight although not significant
difference is observed between the two genotypes, with Qaplmaving a consistently greater
mid leaf inclination angle, with the exception of rank (fradop) 6 when compared to mid leaf
inclination angle from leaves of genotype Soisson. Theetkffice between genotypes is more
obvious when comparing tip inclination angle, with Soiskaring consistently lower inclination
angles compared to Caphorn for leaves of all phytomer rankss difference is not significant
and neither is the slight difference noted in lower leavedbfith genotypes, with the inclination
angle being lower, see Figure 6.18. The base inclinatioteaaghown here to be very close to
the direction of the main stem.

When the ADEL wheat model was initially parameterised a giradationship was found be-

tween the inclination angle at the base and that found atgh&Hhe inclination angle at the base
(0.1 normalised length from the base) of the leaf is showretalbse to 90 degrees. No useful
correlation is found between this angle and the angle aiiphaf the leaf. Instead a comparison
between the inclination angle at normalised length of Oohglthe midrib from the base of the

leaf, to the inclination angle at the mid point and at the fifhe leaf was investigated. A stronger
relationship is found to exist when looking at the inclioatangle at 0.1 normalised length along
the leaf and the inclination angle at the middle of the ledfrimi at the tip (see figure 6.2.3).

When digitising the leaf the initial data points collecte@nesent the leaf along the main stem,
which has resulted in this observed high inclination angis.a result it is suggested not to be
appropriate as the parameter base inclination angle edjuiithin ADEL wheat to simulate leaf
curvature. Instead it is assumed that ‘base inclinationeasgould be the estimated inclination
angle midway along the leaf.Further analysis is suggestdohd the most appropriate length
from the base to be used within the model however was noechout here due to time restraints
and low confidence in the data collected.

Instead, it is assumed that the parabola model is suffictentiddel all leaves and that the pa-
rameter base inclination angll, is better described using the inclination angle midway glon
the leaf. These parameters are described using a distnibfuthction within the ADEL-model.

In order to calculate these distributions the followingbggams of these two parameters include
data obtained from leaves where the inclination of the Isafliove zero as it is assumed that
leaves with lower inclination angle are senescent or brakshas such not representative of a
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Figure 6.19: Correlation of the inclination angle near the base (0.1), midéith®leaf and at the tip for

lamina of Soisson and Caphorn (experiment 1 and 2 data)
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1 02 03 04 05 06 07

Figure 6.20: Reconstruction of the curvature of Soisson laminae arensho illustrate negative tip
angles.

median leaf. Leaves which have an inclination angle at fhetiich is greater than that measured
midway along the leaf are also ignored, thus ignoring leavwieish bend towards the main stem.

There are occurences when leaves are estimated to have twvadgminclination angle (from
the vertical) (see Figure 6.20). Most of these leaves ama e genotype Caphorn which has
erectophile leaves. It is assumed that these results artodbe errors accepted with digitising.
Most of these leaves have an inclination angle of negativeelfdee or less at the tip and those
with this tip angle have a similar angle found for the inctina angle at the middle of the leaf.
Instead of disregarding these leaves the difference iredngin the stem, so in this example -10
degrees, is instead assumed to be 10 degrees.

The tip angle is currently parameterised within the model asrmalised value of the inclination
angle. This assumes that the tip angle cannot be more thamatdeangle (i.e leaves folding
towards the stem) and also that leaves cannot have a tip Esgl¢han zero. It must be noted
that during this analysis it was observed that some leaves hegative inclination angles and
as such cannot be included within suggested parameterisétb obvious pattern or reason was
found to connect the appearance of leaves with negativadimation angles, when considering
phytomer rank or axis. It was found however that if only leavath a low rmse (rmse<1)
are used within the analysis the leaves with negative tifinatton angle are omitted altogether.
It is therefore deemed acceptable to assume that thesesle®tead have a zero tip angle. If
instead negative tip angles were allowed and as such tigavag no longer normalised by the
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inclination angle at the base ( in this case middle of thel) likavould result in two separate
distributions being used to describe base and tip midribeaw@ich would result in unrealistic
leaves being described.

It is suggested here that further analysis, which cannotdoepteted within the time frame of
this thesis, is carried out into the presence of negativartigles, but that it should be assumed
here that normalising the tip angle to the base angle ( thellmigngle in this analysis) is ap-
propriate and the error created with assuming all negativengles are zero, is small. The
following histograms show the distribution of the paranmetipohin values (tip angle normalised
by base angle(middle angle in this analysis)) for both Smissnd Caphorn and the Cumulative
frequency. The cumulative frequency is used within the p@tarisation of the midrib curvature
within the model.
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6.2.4 Phyllotaxy

The range of observed angles between subsequent bladeswmalstd be relatively large, how-
ever the angle between subsequent leaves of genotypedseage shown to be clustered around
100 degrees and those of Soisson around 85 degrees. Nocsghdifference in angle between
subsequent leaves is noticed with rank of leaf. It can be esstgg from looking at these two
genotypes in particular that leaves are more likely to hagpieal phyllotaxy for all leaf rank,
rather than an opposite which would have a a difference imedegt 180. This contradicts the
parameterisation currently in place within the ADEL-wheaddel where the bottom leaves (8
ranks below flag leaf) are suggested to be more opposite @@@ds) and the top leaves a more
spiral phyllotaxy.
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Figure 6.22: Mean and Standard Deviation(*2) of the angle betweenesulesnt lamina of genotypes
Isengrain (IS), Soisson (SO) and Caphorn (CA)
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Figure 6.23. Mean and Standard Deviation(*2) of the angle betweenegu@nt lamina on the three
tillers (Tiller 1 (T2), Tiller 2 (T2) and Tiller 3 (T3)) of genotype Isengrain.
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Figure 6.24. Mean and Standard Deviation(*2) of the angle betweenegu@nt lamina on the three
tillers (Tiller 1 (T1), Tiller 2 (T2) and Tiller 3 (T3)) of genotype Soisson.
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6.2.5 Discussion

Main stem and tiller angle

The angle of the main stem was found to vary very slightly friva vertical, with the angle
becoming closer to the vertical the further on from develepim It was found for Soisson, over
the earliest date that data was obtained, that variation the vertical was much greater than for
any other genotype included in the analysis. This seemextepintuitive, Soisson plants were
no taller, or the leaves of no greater area, which may hawengieme reason for this observation.
Soisson does however have more planophile leaves which maythe effect of ‘pulling’ at the
main stem causing this variation.

No difference could be observed in tiller angle over ranthalgh it is suggested that additional
data should be obtained to confirm this finding. In additiotada suggested to be obtained
that spans different growing seasons which did not occumiwithis research. Most published
literature focuses on tiller production rather than angterf the main stem and so meaningful
comparison with published data is limited.

Midrib curvature

Midrib curvature was found not to vary significantly betwebffierent years and as such different
growing conditions. There was also little difference netlover rank, however early ranks (less
than rank 4) were not measured. This makes it hard to agrasagree with the parameterisation
in place for winter leaves within ADEL-wheat, which assuntiest bottom and middle leaves
are mainly ascending only and top leaves are made up of asgeadd descending parts. No
differences could be found between middle and top leavesrimg of error if a parabola model
only was applied to the data. There was however a greateaitiariin rmse of the fit of the
parabola model over lower ranked leaves of Soisson compaitedCaphorn leaves of similar
rank. Again this may be a result of the Soisson leaves being mplanophile than Caphorn
leaves. It is accepted that the data obtained from the skgitin does contain a lot of noise
making comparisons and observations on midrib curvatudetlaa effect of rank, genotype and
growing conditions problematic.
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Phyllotaxy

Phyllotaxy was found to differ between the genotypes Isgéingand Soisson with subsequent
leaves of genotype Isengrain shown to be clustered aroudiéQrees and those of Soisson
around 85 degrees. Within ADEL-wheat it is assumed that thdlgtaxy changes with rank
of leaf however no significant difference in angle betweebsgguent leaves is noticed with
rank of leaf. One observation is that the leaves are mordylikehave a spiral phyllotaxy for
all leaf rank, than opposite which contradicts the paransztgon currently in place within the
ADEL-wheat model where the bottom leaves (8 ranks below Bad) lare suggested to be more
opposite and the top leaves more spiral. Due to the datatg@ald quantity it is decided that
the parameterisation of phyllotaxy remain as to that ayeagygested within the ADEL-wheat
model. It is suggested that in order to carry out a more intdspidy of phyllotaxy that at least
two leaves are digitised per sampling date to enable moeeatatingles between leaves.

6.2.6 Conclusion

In general the confidence with the data collected is low, n@akiew assumptions and changes
to the current parameterisation within ADEL-wheat difficilowever some changes have been
made such as the main stem angle from the vertical. This rexsfeeluced from 10 degrees to
5 degrees. This is not perfect and a parameter which allowariation in angle is suggested
to be a useful further development in the model. The dateectt on tiller angle did not
include internode location and rank and as such no in demlysis into the straightening of
the tillers in relation to the internode ranks could be madesignificant change was made to
the leaf midrib curvature. It is suggested that a simple Ipaleamodel is sufficient to model all
leaves over all ranks. A warning is given however that no dea recorded on leaves of rank
4 and lower, however within the ADEL model it is suggested these and middle leaves are
more similar in architectural traits that upper leaves. éDats obtained on middle leaves and
as such lower leaves are assumed to be similar to the data@dtn such leaves. In summary
it is accepted that the data obtained from the digitisatioasdcontain a lot of noise making
comparisons and observations on midrib curvature and teetedf rank, genotype and growing
conditions problematic. An additional problem that coutd he overcome in the time frame of
this thesis is the inability to parametrise a leaf to haverafination angle (from the horizontal)
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greater than 80. Much time was spent on this problem with eardolution. Although many of
the leaves were shown to have inclination angle much higier are given a maximum of 80
degrees due to the limitation of the model.
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7.1 Canopy Cover

Canopy cover is one way in which the output of the ADEL-wheatiel@an be validated and
so for this purpose canopy cover photographs were takemnighiaut experiment 2 of the two
canopies; Soisson and Caphorn. This chapter outlines tHeoshased to obtain the photographs
and the analysis applied to estimate percentage cover. Stiraated percentage cover (from
canopy cover photos) and associated error is given ovemtildime.

7.1.1 Experiment 1

Ten horizontal, hand held, canopy cover photographs wdsntan the21%* February (2004)
over two canopies, Soisson and Isengrain. The photos wieee fzarallel to the crop row with
at least two inter rows present. Random locations withirngrat were chosen at each sampling
date. To avoid shadowing they were taken at an overcast ptmt alay.

7.1.2 Experiment 2

Canopy cover measurements were made weekly ftdndanuary 2005 t@s April 2005. At
each sampling date ten hand held horizontal photographe taken of both canopies; Caphorn
and Soisson. Each of the ten photographs were taken at thes Isaation, with each location
being marked by a numbered orange picket.

7.1.3 Date Analysis
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Figure 7.1: a. The initial canopy cover photograph taken on 9th Febr@®05 over the Caphorn canopy.
b. The total value of the photograph columns where vegetation is onecdrid sero with a smoothing
function added and estimated local maxima shown.
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The images were taken in NEF or TIFF format and initially cented to JPG. These images were
then transformed from RGB (red, green, blue) colour spade¢3b(hue, saturation, intensity).
A despeckle function was then carried out on all images totact any possible compression
issues when converting from the original format of NEF or Flifé jpg (a value of median 5
was used). The hue band was used to distinguish vegetatondoil. The threshold values
used were kept constant for all photographs. For each saseplef photographs obtained per
day, the threshold values were checked to be appropriaterdir for the percentage cover to
be calculated using the same number of rows and interowsadvenages a method was used
whereby the sum of cover per image column was initially cial®d. A smoothing function was
then applied to this data and the local maxima extracteds Tddal maximum represented a
row of plants (see Figure 7.1). A row spacing is set using daita and 3 times this is given
as the area to be used to estimate percentage cover. If, wal wispection, the calculated row
spacing looked to be incorrect it was over overridden and eerptausible row spacing given
based on that calculated from other photographs taken ogaime day. The percentage cover
was calculated within this set area and also within the wpblgograph giving a mean best and
total percentage cover estimate respectively.

Various methods were also applied to images where the abeteoais were giving unrealistic

estimated. Such methods were developed to estimate caonwpy af some photographs taken
on and around February 14th (2004); experiment 2, which Wweirgg incorrectly estimated using
the method just described.

The chosen alternative method involved initially reducintage resolution which results in
smoothing the images in addition to applying a medium filt€hen using band 1 and band
2, hue and saturation, a scatter plot was used to identigetdrstinct regions, which were soil
and yellow and green vegetation. Using the boundaries &sdlrategories, an Iso Cluster anal-
ysis was performed using only one iteration. Where this neibaused it is referred to within
this chapter as the Iso Cluster method.

7.1.4 Results

Figure 7.2 shows two original canopy cover images and thiysisaf each image using method
1 and the Iso Cluster method.
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The Iso Cluster method is found not to work on one of the imagghbtj. This image was taken
on the 8th March 2005 and the other image was taken on the arthady 2005. Images taken
later in the sampling year were found to be underestimatedome dates by more than 15%,
using the Iso Cluster method.

Figure 7.2: The top figures show examples of observed canopy. ddwefigures underneath show these
observed images when the simple technique are used to estimate canepgrabat the bottom when the
the shrinking and Iso Cluster method is used.
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From varying the thresholds and methods it was consideradtiie best option was to apply
method 1 to all images and omit the problem data capturedmaiceates. Figure 7.3 illustrates
the estimated canopy cover using method one for all dataphb&graphs that give unexpected
canopy cover are those taken between the 14th February addiMarch (632 and 646 degree
days respectively)
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Figure 7.3: Canopy cover as estimated from method 1 over all all sampétesd Soisson is shown using
triangles, and Caphorn is shown using circles.

Figures 7.3 show the original data and the analysis of eaalgénising method 1.

As can be observed the data obtained on the 14th Februaryeiag dver estimated and that on
the 3rd March under estimated. The data on the 21st FebrusvgJer seems to be reasonably
estimated in relation to images before and after this date.
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Figure 7.4: Two canopy cover photographs taken on the 14th Febra@ghown underwhich are two
classified images (using method 1) of these photographs

Figure 7.5: Two canopy cover photographs taken on the 21st Fepruaderwhich are two classified
images (using method 1) of these photographs
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Figure 7.6: Two canopy cover photographs taken on the 3rd Marclemwitich are two classified images
(using method 1) of these photographs
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Figure 7.7: Percentage cover as estimated using method 1 with 14stdfgtand 3rd March data omitted.
Caphorn shown using circles and Soisson using triangles
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It is observed that the canopy cover percentage over thamelof the Soisson is greater than
that of Caphorn. Soisson is expected to show a more planolgafeangle distribution and
Caphorn a more erectophile leaf angle distribution which iv@xplain this difference. Alter-
natively the difference could be due to LAl which would link the final lamina length and/or
width and or tiller density. Similarity between the LAI of thogenotypes indicates that LAl is
unlikely to be an influential factor creating the observeffiedénces in canopy cover between
these two genotypes. If instead lamina length and width anepared, the lamina of genotype
Soisson (experiment 1) are found to have thinner leaves &fték 6 (inflexion point on lam-
ina length model) compared to the leaves of Caphorn (expetitewith early leaves having
similar width and length. Comparison of lamina dimensionlagtn the same genotypes but as
measured in experiment 2, show a similar pattern as thosepefrienent 1,with two exceptions.
The higher ranking leaves of Caphorn are slightly thicker &osson and Caphorn are shown to
have much shorter leaves later on after the plateau (rank gi@ater) than compared to Soisson
and Caphorn from experiment 1. It is unlikely that these déffiees, especially as LAI is shown
not to differ significantly between genotypes to be causimgabserved difference.

A difference is observed between the tiller model of Caphaoh oisson (experiment 2 only),
with Caphorn shown to have a higher number of observed titleas Soisson but slightly less
that survive to produce a head (ks-test D=0.333 P=0.401chwtwnfirms this difference). The
difference observed between tiller number dynamic betwkeriwo genotypes could therefore
be considered to be having an influence on the observed cammopy differences between the
two genotypes.

From considering the LAl and leaf width and length of bothgfgpes the difference in cover is
suggested not to be influenced by these factors. The differenthe tiller model may have an
effect on the canopy cover however the architectural difiee is considered more likely to be
the cause of difference.

7.1.5 Discussion

The method of extracting three rows of crop from the photpbssof the observed canopy cover
images, from which percentage canopy cover is estimatedesepted here as an interesting
idea. However from the small sample set it was shown not tatlyraffect the estimated final



CHAPTER 7. MODEL CHECKING 225

percentage cover when compared to estimating cover ovemtie image.

The profile of the distribution of vegetation over the imagsed within the method to extract
three rows is considered a useful visual representatiohetanopy and is utilised within the
following chapter when looking at the effect the differenbael parameters have on its ability to
model canopy cover.

The Iso Cluster method did not significantly decrease ther emrdielp give a more reasonable
estimate of cover for some of the images which were hard ®sla The advantage of the Iso
Cluster method was that it calculated the senesced matadajr@en material. However for the
purposes of this work, only the overall percentage cover nggsired and it is concluded that
either method presented is suitable to calculate the p&ergercover.

When looking at the progression of canopy cover over time peexent 2, there is a plateau
(around 500 - 620 thermal time) of canopy cover. This comesig to the plateau in lamina
length over phytomer rank and helps to explain why this plati@ canopy cover is observed.

7.1.6 Conclusion

The progression of canopy cover is estimated for two geresty@aphorn and Soisson, grown
during experiment 2. Different methods were used to es@rpatcentage cover from the pho-
tographs. The extraction of three rows of canopy from thegenand estimating cover from these
cropped images was presented as a fair method of estimaggegtation cover. The Iso Cluster
method was also applied to some images, however the estinhtover were deemed not to
increase the estimated cover.
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7.2 Structural Validation

The ADEL-wheat model is parameterised using the resultsidsed in previous chapters of this
thesis. It is parameterised to represent two genotypess&oiand Caphorn which have differ-
ing architectural characteristics. The observed (fromopgcover photographs) and modelled
(model simulated images of) canopy cover are compared.ditiad the profile of modelled and

observed canopy cover images are also compared. Suggeat®made and new simulations
run to investigate why at some thermal times the model is cairately predicting canopy cover.

It is important to understand the effect different paramgebave on the modelled canopy cover.
This is because modelled canopy cover is an important owafithis model when coupled with
a canopy reflectance model. If this canopy cover is modeleddurately it will inevitably
create an unreliable modelled canopy reflectance and retleagsefulness of this combination
of models in predicting canopy reflectance.

Within this chapter parameters that effect the canopy cbewe been grouped into three cat-
egories; phenological and architectural parameters agdiqgdd proprieties of how the data is
collected for example, the distance from the canopy to the t# the camera, which is referred
to as boom length in this chapter. The effect on canopy colvireoplacement of plants within
the field is also investigated, which in this chapter is neféito as jittering. This is considered as
the plants within a field do not grow in exact lines, insteasltants are jittered around the crop
row. Another term used within this chapter is clumping. Tikigsed to take into account the fact
that some plants do not grow or die during development lepgemps in the crop rows. This is
also attempted to be simulated within this chapter and fecedn canopy cover investigated.

Thorough analysis has been carried out into the effect thasamneters or setting values have on
the canopy cover of the two genotypes mentioned, Caphorn aisdd.

7.2.1 Methodology

The architecture of genotypes Soisson and Caphorn différ 8atisson being more planophile
and Caphorn more erectophile. The parameterisation foetgesotypes has been based on the
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data collected in 2005 (experiment 2) (see table 7.1 foroishodel parameters). The model
outputs have been compared with observed data collectedghout the growing season, such
as number of tillers, LAI, final organ lengths and canopy cosfferences are noted between
modelled and observed canopy cover. These differencest dfie radiometric signal and there-
fore it is important to gain an understanding of why they hageurred. The rest of this chapter
gives consideration to the perspective effect, leaf aechuire, phyllochron (rate of leaf emer-
gence), boom length (distance from canopy to camera lems)rennon-uniform spacing of the
plants within the field (jittering and clumping, which is éamed later in this chapter) as possi-
ble reasons why differences between modelled and measanegy cover have occurred. Four
models are suggested, two for each genotype which, witleméxt chapter are coupled with a
canopy reflectance model and the modelled and observedwattio data compared. Initially a
ks-test is used as a comparison test to indicate similaritiedifferences between the two geno-
types (Caphorn and Soisson) in terms of final organ length oewiof tillers, LAl and percentage
canopy cover. It is then used to compare modelled and olsdéine organ length for the two
genotypes.
Phenological parameters

The parameters shown at the top of the table 7.1 describeegstiygest the final number of
leaves that are to be produced on the different axes, MS (stam), T1 (tiller one), T2 (tiller
two) and T3 (tiller three). The stem angle is the angle in degithe main stem deviates from the
vertical. The tiller total is the maximum number of tilletsat can be produced on each plant and
the ShiftT1 (T2 and T3) is the delay in phytomer between edieln &nd the main stem. NL1,
NL2, LO, L1 and LF are all parameters that describe the lari@ngth over phytomer rank. NL1
is the phytomer rank at the end of the modelled plateau infarfength noticed over the early
phytomer. NL2 is the number of phytomer before the last pimgothat the lamina length starts
to decline in length. LO and L1 and LF are the lamina lengthnm tO is the length at phytomer
rank 1, L1 is the length of the lamina during the plateau irgterand LF the length of the final
lamina. S1, S2, N1S, N2S and SF are all parameters used tolsette sheath length over phy-
tomer rank. S1 and S2 describe the sheath length at rank NBll &2 respectively. NS1 is the
rank at the end of the plateau, and NS2 is the phytomer raiiedahe end of the first increment
in length phase and the beginning of the second. N1I, N2Int2 & are the parameters that
describe the length of the internodes over phytomer rank.id\the phytomer rank at which the
internodes start to elongate and NSI is the phytomer rankea¢ihd of the first increment phase
and beginning of the second. 12 is the internode length & Kdti and IF, the length of the final
internode. The next three parameters describe the lamuith wiodel. WO is the lamina width at
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Parameter

Description Caphorn Soisson

Total Leaves M S

Total Leaves T'1
Total Leaves T2
Total Leaves T3
Stem Angle
Tiller total
ShiftT1

Shift T2
ShiftT3

NL1

NL2

L0

L1

LF

S1

S2

N1S

N2S

SF

NI1

N2I

12

i

WO

Walpha

W1

PHYLL

12

2.9
3.5
4.4
5.94
2.24
4.55
24.56
16.74
3.43
11.04
S.77
7.72
14.29
7.92
10.74
9.97
23.73
0.29

0.0151

1.86
107

12

3.1
3.7
4.2
5.97
1.69
3.01
31.33
15.99
3.39
11.20
4.67
7.44
15.49
6.68
11.28
10.99
26.03
0.33

0.0106

1.57
98

Table 7.1: Phenological parameters used to model Caphorn and $0isso
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phytomer rank 1, Walpha is the curved model parameter desgrthe lower mains stem lamina
and W1 is the lamina width of the final lamina.
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X uR(0,1) Phio(x,u)
<0.1 — 30+50x*u
>0.1<0.45 — 704+ 10%u
>0.45 - 80

230

Table 7.2: Values are shown that are used to estimate the inclination angle ddirtiina of Caphorn

(Phio).

X uR(0,1) DPhi,(x,u)
<0.16 — 0.1xu
>0.16<0.36 — 01+01xu
>0.36<0.49 — 02+01xu
>0.49<0.62 — 03+0.1xu
>0.62<0.70 — 04+01xu
>0.70<0.73 — 054+0.1xu
>0.73<0.75 — 06+01xu
>0.75<0.81 — 0.74+0.1%xu
>0.81<0.91 — 0.84+0.1xu
>0.91 — 09%0.1x*xu

Table 7.3: Values used, along with the inclination angle from the base, to rtireelparameterD Phi,,
for Caphorn.D Phi,, is the inclination of the tip of the lamina. The values in this table describe the ratio
of the lamina tip angle in relation to the inclination angl&Phi,

Geometry parameters

PCASS is a parameter which describes the ratio between thbgarand ellipse model which
simulates the curvature of the lamina midrib and is set torlbf@ih genotypes. The other ge-
ometry parameters are shown in Tables 7.2 which gives thghdison of parameter values of
the inclination angle for the midrib of Caphorn lamina and [€ab.3 which gives the ratio of
the inclination angle, which is used along with the inclioatangle at the base to describe the
angle at the tip of the lamina and Table 7.5 which gives theildigion of parameter values of
the inclination angle for the midrib of Soisson lamina andl€a7.4 which gives the ratio of the
inclination angle, which is used, along with the inclinatengle at the base to describe the angle
at the tip of the laminaCaphorn midrib curvature parameters
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X uR(0,1) DPhi,(x,u)
<0.1 — 0.1*xu
>0.1<0.2 — 01+01xwu
>0.2<0.3 — 02+01xu
>0.3<0.4 — 03+01xu
>0.4<0.5 — 04+01xu
>0.5<0.6 — 05+4+0.1%xu
>0.6<0.65 — 06+01xu
>0.65<0.76 — 0.74+0.1%xu
>0.76<0.87 — 08+01xu
>0.87 — 094+0.1xu

231

Table 7.4: Values used, along with the inclination angle from the base, to rtreelprameterD Phi,,

for Soisson.D Phi,, is the inclination of the tip of the lamina. The values in this table describe the ratio

of the lamina tip angle in relation to the inclination angl&Phi,

X uR(0,1) Phip(x,u)
<0.14 — 204 30*u
>0.14<0.2 — 504+ 10*u
>(0.2<0.37 — 604+ 10%u
<0.68 — 704+ 10%u
>(.68 — 80

Table 7.5: Values are shown that are used to estimate the inclination angle ddrtiina of Soisson

(Phip).

Soisson midrib curvature parameters
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7.2.2 Phenology

The two genotypes chosen to be the focus of this chapter atec@apnd Soisson, as mentioned
this is to do with their architectural differences. Belove graphs which show the phenological
characteristics of these two genotypes, the observed awi@lted final organ length measure-
ments. Before comparing these differences for each geaaotyp relevant to compare the two
genotypes. A more detailed comparison can be found in theddgy chapter (section 5), how-
ever when KS-tests were carried out it was found the biggesisscal difference between the
two genotypes in terms of final organ length is between sHeagth and the least difference with
lamina length (lamina width ks-test D=0.278, P=0.161, lsarlength ks-test D=0.352, P=0.013,
sheath length ks-test D=0.117, P=6.1x10nternode length ks-test D=0.167, P=1). In general
the lamina of Caphorn are shorter but slightly wider than ¢hosSoisson, with Soisson having
a slightly longer final internode length. The number of tdl@resent is shown to differ between
the genotypes, with Caphorn having a higher number of obdditers than Soisson but having
slightly less that survive than Soisson (ks-test D=0.333.8231, which confirms this difference).
The accumulation of these differences can be expected tedrersore clearly when calculating
LAI. This was carried out using green leaf area and the estichaumber of tillers present on the
plant. The LAI is shown to be similar between the two genosyfkes-test D=0.167, P=0.958).
The difference is also expected to be seen when comparingatih@py cover between the two
genotypes (ks-test D=0.338, P=0.295, which confirms tHeréifice). As can be observed the
pattern of canopy cover over low thermal time shows an ihitierease followed by a plateau
for approximately 300 degree days before a notable incrneasever until about between 1000
and 1100 degree days. The peak of canopy cover is shown to abact 70 % for Caphorn but
about 10 % higher for Soisson. A ks-test was caried out on biserwed and modelled canopy
cover for both genotypes , CA: D=0.375, p=0.215, SO: D= 0.43®8,.066,the results of which
indicate a difference between the observbed and modeltedwvEstigate this further the ks-test
was carried out on data before thermal time 600 and aftenebats being for Soisson before
thermal time 600, D=1 and p= 0.016, and after D=0.546 nad@®&).and for Caphorn , before
thermal time 600, D=1 and p=0.0159 and after D=0.546 and @70.It can be seen from these
results a larger difference between observed and modellagparant over lower thermal times
for both genotypes compared to higher thermal times.

Comparisons between observed and modelled outputs of figahdength over phytomer rank
(sheath, lamina length and width and internode length) ancher of tillers, LAl and percentage
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canopy cover over thermal time (degree days) is also shovawb&he graphs show that all final
organ lengths (lamina length and width, internode and $hleaigth) are being simulated well
within the model and that modelled LAl is also similar in gait and absolute value over ther-
mal time to that observed (CA: D=0.175 and P=0.919, SO: D=X).P50.983). The modelled
number of tillers is shown to be similar to that observed fie@®d degree days onwards but with
the modelled number of tillers, at earlier thermal timesnben over estimation (CA:D=0.296,
P=0.507, SO: D=0.500 and P=0.077).
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Figure 7.8: The modelled final organ length as estimated from ADEL-wibesttown using solid lines
(main stem= black, Tiller one= red, Tiller two= green, Tiller three= blue). Tpwints, also distinguished
by axis rank by the same colour code, shows the suggested modelleddaralength as suggested within
section 5.2.4.
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Figure 7.9: The modelled LAI and tiller number dynamics as estimated froELAEheat is shown using
solid (green) lines. The points (red) show the observed LAI and tillerbenrdynamics as suggested
within section 5.4.6.
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Figure 7.10: The modelled canopy cover percentage as estimated fr@h-sbeat is shown using solid
lines (green). The points (red) show the observed mean and staddeiation (*2) of the canopy cover
percentage estimated from photographs taken of the canopy.
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Differences over early development can be observed in Egydrl0 between modelled and ob-
served percentage canopy cover for both genotypes. Forganthtypes the difference between
modelled and observed, before thermal time 600, is apprataly 10-15%, with the observed

canopy cover being higher than the modelled. After thernmaét600, the modelled canopy

cover for Soisson is close to the observed value, howeovetdphorn the difference increases
to approximately 20-25% between thermal time 600-1000. Mbedelled canopy cover is then

shown to be similar to that observed between thermal tim® 192200 and then over estimated
around thermal time 1200.

In order to investigate these differences the profile of theeoved and modelled canopy have
been produced. The output image from the model of the canoysras classified into soil and
vegetation. A classification is used similar to the methoeldu® estimate cover from actual
photos. Three rows of canopy were identified and limits of Dilue were associated with
soil giving an image consisting of O (vegetation) and 1 {sdilhe profile of the vegetation per
image column is subsequently calculated (see Figure 7.Thg y axis values of these plots
are ratio of soil:vegetation with 1 representing a row on itn@ge containing only soil and
0 being a row containing only vegetation. The high plateauh@se plots represent the soil
gaps between the rows of plants. As can be observed thesamateduce in absolute value
with development (thermal time) as more vegetation becomesent between the rows. The
sharper low peaks represent the rows of vegetation (wineat) and these peaks are shown, as
expected, to decrease in intensity (soil to vegetatiomufhout the development of the crop .

Comparing the profiles of both genotypes (see Figure 7.11heasame thermal times, differ-
ences can be observed between the two genotypes. At themead00 the profiles are at their
most similar ( ks-test D=0.089, P=0.0302) however by thétmee 600 a difference has already
emerged (ks=test D=0.2891 42.2x10'%). The width of soil plateau is shown to have reduced
for the genotype Soisson when compared to Caphorn. The hiddfesence is shown to be at
thermal time 800 (ks-test D=0.59,42.2-1%), here the soil plateau is shown to reduce by 10% for
Soisson but remain similar for Caphorn. The vegetation paakshown to be similar in abso-
lute value (around 50% maximum vegetation) for both genegypg\t Thermal time 1000 the soll
plateau reduces for Caphorn to a similar intensity to thanébior Soisson (around 80%), how-
ever for Soisson the soil plateau has become more of a peakgk®=0.426, R<2.2x1016),
These differences can be in part explained by the more plalgogtructure of Soisson plants
causing the leaves of the plant to spread out more into the lgatpveen the crop rows.
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Below are some figures (Figures 7.12 and 7.13) which showrttfdgoof both the observed and

modelled canopy cover images at thermal times 400 and 600dibr genotypes. Comparison

over lower thermal time is focused on due to the observeemifices between modelled and
observed estimations of cover at these thermal times.
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Figure 7.11: The soil:vegetation profile over modelled canopy cover@ségr different Thermal Times
for both genotypes; Caphorn and Soisson

L

(b) Modelled CA TT 400

Figure 7.12: Observed canopy cover of Caphorn at thermal timesati$94 as well as the modelled
canopy cover at thermal times 400 and 600.
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Figure 7.13: Observed canopy cover of Caphorn at thermal timesat$94 as well as the modelled
canopy cover at thermal times 400 and 600.
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7.2.3 Perspective Effect

Two important considerations have to be taken into accotthtmthis modelled process, the first
is that the field was on an incline and the second is experghentor means that the lens axis
was not always accurately perpendicular to the soil surféfdde cover is measured with these
errors it can result in a perspective effect which is propaseartificially increase the measured
canopy cover, until a certain point in development whereduld become insignificant due to
high cover of the crop. This error is proposed initially tgpéin why the observed and modelled
canopy cover differs over lower thermal time. Figure 7.14sirates the perspective effect well.
Instead of seeing only the top of the orange pickets withenghoto you are seeing almost the
whole of it, suggesting the photographs were not taken tjrabove the crop.

Figure 7.14: A photograph taken of a canopy with orange pickets to illustreg@erspective effect on the
canopy cover images.



CHAPTER 7. MODEL CHECKING 242

In order to ascertain what effect these combined errors loavéhe modelled canopy cover,
simulations are run using the suggested model for SoissoiCaphorn but assuming the view-
ing angle from the top is not 90 degrees and allowing for a 5@érefThe resulting modelled
canopy cover is shown in Figures 7.15. Comparison betweeoltberved canopy cover and the
modelled canopy cover at different thermal times, when #rsgective effect is included in the
simulation and when it is not is shown in Figures 7.16 for ahoap canopy and in Figures 7.17
for a soisson canopy.

Percentage Canopy Cover
Percentage Canopy Cover

Figure 7.15: The modelled canopy cover for Soisson and Caphorntbgamnal time including the per-
spective effect.

It can be observed that by modelling the perspective eftettieés not have an effect on canopy
cover until later on for Caphorn canopies only.

It was also expected that by modelling the perspective effeccanopy cover over certain ther-

mal times would be increased, however there is little evigdn suggest it does affect the canopy
cover, although the expected difference not observed.décsded that for the purposes of this

thesis that the perspective effect should be included withe rest of the simulations due to its

presence within the observed canopy cover photos.
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(a) Observed canopy cover CAQB) Modelled canopy coveic) Modelled canopy cover
TT 414 without perspective effect (CAvith perspective effect (CATT
TT 400) 400)

\\\ A T

(d) Observed canopy cover CA@8) Modelled canopy covdf) Modelled canopy cover
TT 594 without perspective effect (CAvith perspective effect (CATT
TT 600) 600)

Figure 7.16: The observed canopy cover of Caphorn at Thermakt#id and 594 are shown and next
to them comparison is made between the modelled (using ADEL-wheafycaoeer at thermal times
400 and 600, when considering the perspective effect and when mgitledng it within the simulation

process.
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Figure 7.17: The observed canopy cover of Soisson at Thermal #dvesnd 594 are shown and next
to them comparison is made between the modelled (using ADEL-wheafycaoeer at thermal times
400 and 600, when considering the perspective effect and when mgitledng it within the simulation

process.
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7.2.4 Phyllochron

The main inconsistency in terms of canopy cover for Caphoemseto lie with the thermal
time at which canopy cover increases significantly. The rhedecanopy cover suggests this
significant increase in canopy cover over thermal time, tatltkermal time 800 and the observed
data a thermal time of 600.

In response to this observation further investigation thephyllochron rate is carried out. The
phyllochron rate for Caphorn is suggested to be 107 compardtht for Soisson which is esti-
mated at a lower 98. The mean leaf appearance rate for altygm®measured in both experi-
ments is 105t 6. The calculated 107 leaf appearance rate for Caphorn fahswthis observed
range.

Reducing the leaf appearance rate of Caphorn to be the samesasrshas the effect of reducing
the thermal time at which the canopy cover increases afeeptateau. This has the effect of
reducing the observed difference in modelled and obseraadmy cover between thermal time
600 and 900. The modelled over estimate of canopy cover fraOT0 onwards does still
persist (see Figure 7.18).
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80 - -

ol PH ,

a0 -

Percentage Cover

20 = 4

ccccccccccc (degree days)

(a) phyll 98 plan
Figure 7.18: Modelled (green)and observed canopy cover of Qapfroean+ sd(*2), red points) is

shown. The canopy cover estimated with the ADEL-model with the phyllocite reduced to 98 (blue)
is also shown for comparison.

From the Figures7.19 it can be observed, for Caphorn, thaeatial time 600 the soil:vegetation
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ratio reduces when the phyllochron is reduced to 98. Thihiasve to be higher than Soisson
at the same thermal time. A ks-test shows that at thermal4id@ethe profile of soil:vegetation
profile is most similar between Caphorn with phyllochron raté8 and 107(ks-test D=0.084
P=0.032), however differences become more statisticalticeable at thermal time 600 with a
ks-test; D=0.220, P=1.13x1 and at thermal time 800, D=0.456, P=2.2x10and finally at
thermal time 1000 D=0.423, P=2.2x10) The profile of Caphorn with a phyllochron of 98 (Fig-
ure 7.19) becomes similar in absolute values to that of Snigsth a much lower soil intensity
and higher vegetation intensity at thermal time 800. Thinly seen by a slight decrease in D
value when the ks-test is carried out. (SO thermal time 8@0G&thermal time 800 Phyllochron
change (98) D=0.425 , SO thermal time 800 CA thermal time 800.627, P=2.2x10'°) Vi-
sually the effect on the canopy cover is illustrated wellehand highlights the importance and
effect the phyllochron rate can have on the modelled canopgrc

Planophile Winter Leaves

The LAI and the final organ lengths are shown to be modelledetjoto the observed which
leads to a suggestion that modelled canopy cover for botlotgpes is underestimated over
lower thermal times not due to leaf shape being misrepregdmit instead the architecture of
the lower leaves. Digitising of the leaves started once taetp had four or more leaves on the
main stem. This was in response to adverse weather conslitibith made measuring the plants
with the invasive measuring technique adopted hard to cetaplithout damaging the plants.
The data collected therefore did not include these eadiavds. From observing the pictures
taken of the plants during this early development it can lggested that the architecture of
these leaves is perhaps more planophile than the parasagien of the model allows. Within
the original ADEL-wheat model the leaves were assumed toupelyp ascending up until the
higher leaves. However the inclination angle with the high®bability, from the stem, was
assumed to be 20-30 degrees which is more planophile thatathdrom experiment 1 and 2 of
this research suggests. Considering the absence of dakeefloter leaves (except that collected
on some tillers over lower ranks which are assumed to hadradsgociated error) it is suggested
to investigate the effect of assuming the earlier leaveg laamore planophile architecture. The
modelled outcome of this is shown in Figure 7.20. For thesaikitions it is assumed that the
leaves of rank -1NG, which is rank 4 and before are allocdtedargest angle from the stem that
was measured within the experiment.
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The obvious effect is that canopy cover is increased ovelaiver thermal time as can be ob-
served in figures7.20. The actual view of the canopy from albiewshown along with the ob-
served, modelled and the modelled canopy assuming a manepside architecture of lower
leaves. The canopy cover photos are shown from thermal #W9@sand 600, which is when the
canopy cover photos were taken within the field (see figurgs &nd figures 7.20).



CHAPTER 7. MODEL CHECKING 248

SolVegetaion o
SolVegetaion o
SoilVegetaion o

(((((

(a) Profile CAO5 with phyllochrorfb) Profile CAO05 with alteredc) Profile SO05 with phyllochron
rate 107 phyllochron rate 98 rate 98

Figure 7.19: The ratio of soil:vegetation profile for modelled canopy cat¢hermal times of 400, 600,
800 and 1000 are shown for simulation of caphorn canopies assumiig/acipron rate of 107 and 98.

For comparison the ratio of soil:vegetation profile for modelled canopyecat the same thermal times
of a soisson canopy (phyllochron 98) is also shown.
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Figure 7.20: The mean and standard deviation (*2) of the observedmanover over thermal time for
genotypes Caphorn (CA) and Soisson (SO) is shown in red. The ntbcketiepy cover for both genotypes
is shown in green. The modelled canopy cover assuming the lower lagvesre planophile is shown
in blue.
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Figure 7.21: Modelled and observed canopy cover images of Caphitinrand without planophile early
leaves
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7.2.5 Phyllochron and Planophile

In this section the idea of changing the phyllochron for Caplamd making the early leaves more
planophile is explored. From comparing the modelled aneéesl canopy cover over thermal

time differences in percentage cover are noticeable (spaé€i7.22). Figures 7.23 compare the
observed canopy cover and the modelled canopy cover asguhese changes in phyllochron

rate and architecture of winter leaves as well as the madieleopy cover without these changes.
Visually the difference in the spread of leaves over the dagisieen the crop rows, as a result
of the more planophile architecture of the winter leaveshiswn with these outputs from the

different model simulations.
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Figure 7.22. Modelled (green) and observed canopy cover (meastandard deviation (*2), red)
is shown. As well as the modelled canopy cover of caphorn assumingeaeld pyllochron of 98
(blue), planophile early leaves (pink) and a combination of phyllochede of 98 and early planophile
leaves(turquoise).
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(e) TT 400 PERS (f) TT 600 PERS Phyll Plan

Figure 7.23: Modelled and observed canopy cover images of Caphitinrand without planophile early
leave and a reduced phyllochron rate of 98.
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7.2.6 Boom Height

The canopy cover photos were taken by myself and Dr. Joned#ind Alain Fourtine. Due to
the difference in height the photo may have been taken atftbet @n canopy cover estimates
at differing heights needs to be ascertained. This was rfeatibly altering the assumed boom
height of the camera from the canopy, 100 cm, 150 cm and 200 cm.
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(&) CABoom 150 and 200 (b) SO Boom 150 and 200

Figure 7.24. Modelled canopy cover when the boom height is varied batd&0cm (green) and 200cm
(blue) with observed canopy cover as measured in the field (red)(fmetandard deviation(*2)).

It can be see in Figures 7.24 that these differences in boogthHedoes not alter the estimated
percentage canopy cover.
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7.2.7 Tiller Angle

Another source of the differences observed between obdemd modelled canopy cover may
be due to the tiller angle being incorrectly simulated. Fggu7.25 are the estimated canopy
cover when the tillers are assumed to be 40 degrees instehd 60 degrees.
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Figure 7.25: Modelled canopy cover when the tiller angle parameter is #4)lmnd 60 (green) with
observed canopy cover as measured in the field(red)(mestandard deviation(*2)).
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7.2.8 Clumping

It is visible from the observed canopy cover images that thle fs patchy with plants missing

along some rows. Although within the model it is possiblegmove plants the model does not
allow for the plants on the edge of these gaps to adjust tleseldpment as would be seen in
the field. However, although the edge effect of these baiesard| not be incorporated into the

modelled output it is thought important to look, within tlagalysis, at the effect of removing

some plants. Due to the irregular pattern of clumping it isllta numerically ascertain the extent
of lost plants and so a qualitative assessment is made.

Below are some real canopy cover photos for lower thermaégiraf Caphorn and Soisson
canopies along with some modelled canopy covers with soar@gptemoved (see Figures 7.27,
7.28,7.29,7.30,7.31,7.32,7.33 and 7.34). This was choiikby removing 2, 3 or 4 plant num-

bers out of the possible 10 that are then cloned. Where twdgleere removed it is referred to

as clump2 and where 3 were removed clump3 and so on. The $eduteodelled canopy cover

is shown over thermal time in Figures 7.26.
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Figure 7.26: Modelled canopy cover within differing numbers of plantsread that can be cloned within
the ADEL-wheat model (Clump2, 2 plants removed(blue), Clump3,rBgpiamoved (red) and Clump4
(turquoise), 4 plants removed) with observed canopy cover as meghisuthe field(red)(meatt standard
deviation(*2)).
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() TT 414 observed (b) TT 400 modelled

255

Figure 7.27: Observed canopy cover image of Caphorn at thermaldiidaes shown as well as a modelled

image of a Caphorn canopy at thermal time 400
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Figure 7.28: Modelled Caphorn canopy cover of images at TT400iderisg ‘CLUMP’ 2 3 and 4 .
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(a) TT 594 (b) TT 600

Figure 7.29: Observed canopy cover image of Caphorn at thermalifdes shown as well as a modelled
image of a Caphorn canopy at thermal time 600
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Figure 7.30: Modelled Caphorn canopy cover of images at TT600iderisg ‘CLUMP’ 2 3 and 4
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Figure 7.31: Observed canopy cover image of Soisson at thermal ishes4hown as well as a modelled
image of a Soisson canopy at thermal time 414
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Figure 7.32: Modelled Soisson canopy cover images at TT400 shawaidesing ‘CLUMP’ 2 3 and 4
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(a) SO TT 594 (b) SO TT 600

Figure 7.33: Observed canopy cover image of Soisson at thermal e Shown as well as a modelled
image of a Soisson canopy at thermal time 600
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Figure 7.34: Modelled Soisson canopy cover images at TT600 shawsidesing ‘CLUMP’ 2 3 and 4
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7.2.9 Jitter

The observation between modelled and observed canopy itoages is that the modelled rows
of plants is quite uniform whereas the plants in the rows mfibld do not always fall within
a straight line. In order to incorporate this within the mibel¢ canopy, the plants are jittered
about the row. This is achieved by altering the x and y co@tdiof the placement of each plant.
Three different simulations are run each with a differenbant of variation from the regular grid
placement initially adopted. Figure 7.35 illustrates tk@reated canopy cover when the plants
are ‘jittered’. The difference in percentage cover is shdwbe smaller for the Soisson canopy
compared to Caphorn. Figures 7.35, 7.36, 7.37, 7.38, 7.30, 7.41, 7.42 give a visual idea of
how much the plants are jittered within the model simulatbthe canopy and the spatial effect
on the horizontal canopy distribution for both genotypesisSon and Caphorn over thermal
times
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Figure 7.35: Observed canopy cover image of Caphorn at thermaldiidaes shown as well as a modelled
image of a Caphorn canopy at thermal time 400
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Figure 7.36: Modelled canopy cover images of a Caphorn canopy wititpthat have been ‘jittered’ by
2,3 and 4 at TT400

() TT 594 (b) TT 600

Figure 7.37: Observed canopy cover image of Caphorn at thermaldbdeas shown as well as a modelled
image of a Caphorn canopy at thermal time 600
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(b) TT 600 JITTER3 (c) TT 600 JITTER4

Figure 7.38: Modelled profile of soil:vegetation ratio for Caphorn cano@eghermal times 600 which
have been ‘jittered’ 2 3 and 4.
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Figure 7.39: Observed canopy cover image of Soisson at thermal tidhes4hown as well as a modelled
image of a Soisson canopy at thermal time 400
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Figure 7.40: Modelled profile of soil:vegetation ratio for Soisson canopid¢isexmal time 400 which have
been ‘jittered’ 2 3 and 4.

(a) SO TT 594 (b) SO TT 600

Figure 7.41: Observed canopy cover image of Soisson at thermal 8hesShown as well as a modelled
image of a Soisson canopy at thermal time 600
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Figure 7.42: Modelled profile of soil:vegetation ratio for Soisson canoptehermal times 600 which
have been ‘jittered’ 2 3 and 4.
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7.2.10 Discussion

This chapter is designed to investigate how some of the patesand assumptions within the
model affect its ability to predict what is observed withiretfield. It is found that the modelled
final organ lengths are not significantly different to theetved measurements in the field which
corresponds to the modelled LAI also being a close matchabdhserved. The observed and
modelled number of tillers is also found to be close excepgtr @arly thermal time where it is
over estimated for both genotypes. It is accepted that thenagtions made within the tiller
model need to be considered within further research. Howiéwstial tiller number is reduced
so that it is a closer match with that observed it would furtberer modelled canopy cover over
lower thermal time and as such increase the difference legtwbserved and modelled canopy
cover. It must also be mentioned again that observed tillenlers did not include tiller four
and as such reduces potential cover later on in developnitowever these tillers were small
and most that were produced did not survive to produce a head.

When comparing the modelled and observed canopy cover, aortam parameter for remote
sensing studies, it is shown not to being modelled accyratesl observed and modelled phenol-
ogy is shown to be a good match alternative causes of thisrdifte in canopy cover have been
investigated.

The difference between assuming a perspective and ortlabgamera when modelling the
canopy cover was expected to have a notable effect on th@gamwer, however this was not
the case. Also when looking at the profile of the canopy caveges with and without the per-
spective effect there were only very small differences ol It is considered that this should
be investigated more thoroughly than was able within thesith

The phyllochron for Caphorn is estimated from the observatito be 107 which is 9 higher
than Soisson at 98. The effect of reducing the phyllochréae o the Caphorn simulations to
98 had an obvious effect on the thermal time when the canopgrdacreases significantly.
By including this lower phyllochron the difference betwee modelled and observed canopy
cover improves for canopy cover between thermal time 600H1@0 after which the change
in phyllochron creates an over estimation of cover. The lplaiiron was estimated using data
from both experiments 1 and 2, for both genotypes and as swtidies environmental effects.
From looking at published research the phyllochron ratesisally expected to be 100 and as
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such 98 is a good estimate. It was found that the mean for abtgpes measured within this
experiment is also 10% 6. Therefore the phyllochron for Caphorn is higher, howerehiding
the standard deviation of the estimates it did fall withia tange found. The main point raised
from this investigation is the importance of the phylloahmate when estimating canopy cover
and that a small difference in the value of this parameteracaate a significant differences in
the progression of canopy cover over time.

The architecture of the leaves is assumed to create a naldf#leence in canopy cover. It is

shown that the canopy cover of Caphorn, an erectophile mdawier than Soisson a planophile
plant. Accurate architectural data was hard to obtain fahhgenotypes. The lack of data
collected on early leaves was disappointing, although wasaidable considering the conditions
in the field and the equipment being used to measure aralniéecthe effect of assuming early
leaves are more planophile than that estimated from the @dkacted from older leaves had
a positive effect on reducing the difference between oleskand modelled canopy cover over
lower thermal time.

An additional investigation was carried out into the condaireffect of a lower phyllochron rate
and a more planophile structure for early leaves on the Capbenotype only. Both these
changes were modelled and the difference in the canopy @warthermal time compared to
the observed. The result was favourable, with observed aydelied becoming a closer match
until thermal time 900 after which the canopy cover is showhé overestimated by a significant
15 -20 %.

It must be noted that senescence has not been included withimodel and that an improved
model of senscence could perhaps reduce this error. Impgdwie initial estimation of cover
does however seem to create a greater error in the estimattioover in the later part of the
development of the canopy.

Other parameters were altered such as tiller angle whichcivasged back to the original value
of 60 degrees. This was found to have no significant effectamopy cover. Also changing the
boom height did not have a significant effect on the modelttpy cover.

The location of the plants within the field were also investiggl. In reality some seeds do not
germinate which causes gaps in the rows, this was espega@llyeable within experiment 2. The
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plants also do not grow in an exact line and instead are desttwithin this thesis to be jittered
about a row. The model however assumes all plants to be placadrid like pattern within

a field. Both these observations were attempted, to be incaigd with the model separately.
They are included using arbitrary values so removing a gifienumber of plants thus creating
gaps in the field (clumping) and the second to misaligned taetg about their row, so that
they do not form a perfect straight line (jittering). No gtigative assessment was made into
how many plants should be removed or how by how much the ptlevisite from straight rows,
instead it was based on a visual assessment. This is a lotwatiddhe variation found within
each image and the effect being relatively small on the caooper when modelled using these
arbitrary quantities.

By removing some plants the obvious effect on the modellenbjeya cover was that it was re-
duced and by including the jittering of plants about the rtve canopy cover was increased,
although only very slightly. This would not be the case witthe field. If a plant dies the plant
next to it will spread out and use the extra light and spacés mMechanism is not included in the
model meaning that the effect of removing plants has to be/s@a with caution. The effect of
jittering is shown to have a limited effect on the overall say cover, which is also not realistic
within the field. Less overlapping of the leaves of the plambsild be expected and again extra
tillers or leaves may be produced due to the extra light thatslwould receive due to reduced
competition.

Overall the investigations within this chapter have prexich good amount of information into
the important considerations within the modelling process

7.2.11 Conclusion

Final organ length models are shown to be simulated acdyraithin the model which also
creates a good simulation of LAI. The dynamic model of tilgris shown to create a reasonable
model of tillering although further work is discussed intaking this model more accurate. The
main limitations of the model are when simulating tiller noen over lower thermal time, where
it is currently over estimating the number of tillers. Atshermal time canopy cover is shown to
be under estimated by the model and as such by improvingigredynamic model and reducing
the number of tillers this effect would not be improved.
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From the observations on the modelled and observed phgsiabthe plant additional features
of the model are investigated as possible causes for theepeiecy between modelled and ob-
served canopy cover.

The phyllochron rate has been shown to have a significantteffe canopy cover when it was
altered when simulating a canopy of Caphorn plants. Theseredsons highlight the impor-
tance of describing this parameter accurately when madgtirop development and indicates
it to be an area where additional research would be benefi®laMaster and Wilhelm (1995)
also concluded, after comparing equations predicting thyigchron of wheat and finding that
no equation adequately predicted the phyllochron, thatmapportunity exists to improve the
prediction of phyllochron.

Leaf architecture was shown to have a positive effect orea®ing the canopy cover over lower
thermal time, when the younger leaves were simulated to hawere planophile architecture.
As with the phyllochron rate the parameterisation of themhidurvature was found to influence
the canopy cover estimation from the model. The midrib cluneamodel presented within this
thesis is much simplified from the original model and inclsidehat are thought to be more
meaningful parameters. The model was however paramelansiag data collected on rank 4
and above leaves. The architecture of lower leaves beingreessthe same as the older leaves.
A greater emphasis is needed on the parameterisation daiielaitecture, is suggested.

The placement of the plants within the field and the loss ofesplants has also been highlighted
as something that should be considered when using a croplm@deameters that were found
to have limited effect on canopy cover and spatial arrangenvere tiller angle and final organ
lengths, also the distance of the camera from the canopy @tdeund to create a possible range
of error if incorrectly estimated.
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7.2.12 Alternative models

It is suggested that two models for each genotype are usechtivede radiometric data that will
be compared to that observed within the field. One model wikiprameterised using field data
and one that is parameterised according to some of the fia@dind assumptions made from this
chapter.

Caphorn alternative model

The alternative model for Caphorn was chosen to include tiverdghyllochron rate of 98,
planophile early leaves, a clumping of the plants (clumpr8) a jittering of the plants (jitter
3). As can be observed in Figure 7.43 the match between aasa@mnd modelled cover is im-
proved until thermal time 800 after which the model overrasties canopy cover compared to
that observed.

)))))

Percentage Canopy Cover
——

Figure 7.43: Mean and Standard Deviation(*2) of the observed cawopgr of caphorn is shown in red.
The modelled canopy cover over thermal time is shown in green. Theieadeodel to incorporate a
lower phyllochron rate of 98, planophile early leaves, a clumping of plé3jtand a jittering of plants (4)
is shown in blue.
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Figure 7.44:. Observed canopy cover images of Caphorn at thermaktiif414 and TT594. Modelled
canopy cover images of Caphorn (‘modelled’) and Modelled canopgrcimages of Caphorn using the
alternative model.
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Soisson alternative model

The alternative model was chosen for Soisson to includeoplaite early leaves and the same
jitter’ and ‘clumping’ parameters as used within the Caphatternative model. As is the case
for the modelled output of the alternative Caphorn model,déweopy cover is improved until
thermal time 800 and after which an over estimation is olesgrv
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Figure 7.45: Mean and Standard Deviation(*2) of the observed camopgr of Soisson is shown in red.
The modelled canopy cover over thermal time is shown in green. Theeatianodel to incorporate more
planophile early leaves, clumping of plants (3) and a jittering of plants (4hé@\ in blue.
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Figure 7.46: Observed canopy cover images of Soisson at therma iifél4 and TT594. Modelled
canopy cover images of Soisson (‘modelled’) and Modelled canopgr émages of Soisson using the
alternative model.
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7.2.13 Conclusion

From this chapter many different variables have been coetpand their effect on the mod-
elled canopy cover. Tiller angle and boom height have beewsho have no noticeable effect.
The most easily observed effects were noticed when comsgl®wer leaves to have a more
planophile structure and the phyllochron of the Caphorn tcebeced from 107 to 98. Inclusion
of a factor of jittering and clumping of the plants within tkanopy are also shown to affect
the cover and especially the profile of the cover. An expertsdlt of the perspective effect in-
creasing the canopy cover over some thermal time range waxeerved. Two models for each
genotype have been created, one parameterised solelyanalktcted within the experiment 2
and one which has been altered according to findings andsdigms made within this chapter,
per genotype.
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7.3 Radiometric Validation

This chapter is focused on comparing the modelled and obderanopy reflectance. Spectral
data was obtained using a GER1500 (8 degrees FOV and rangel®50 nm) as well as NIR

and RED measurements from above the canopy of Soisson, lyeanSkument SKR1800 2-
channel radiometer (Skye Instruments, Llandrindod WEIIS). This instrument has 2 channels
and a hemisperical field of view. A second Skye instrument lmasgover the field of Caphorn

however this occurred very late on in development and als@ fiemited period. Two models

of Caphorn and two of Soisson are run to simulate the field cmmditand coupled with a brdf

model to simulate the reflectance from these simulated ¢asols is the reflectance that is com-
pared with measured and also observed and modelled NDVI ghimut development. Discus-
sion is given as to the important parameters that effect f#aiometry signal and the differences
between the reflectance of the two canopies

7.3.1 Introduction

A leaf reflects approximately 10-30 % of total light falling @ in the green part of the spectrum
and absorbs 70-90 % of the blue green light which it uses fotgaynthesis. This occurs in the
palisade layer of the leaf which contains the chloroplasigkwvin turn contain the chlorophyll.

The mesophyll layer reflects about 60 % of the NIR part of thecgpm. The peak reflectance
being in the NIR not the green part. In wavelengths longetr 1t& nm water controls more of
the spectral response of a leaf.

A canopy is made up of many leaves, some higher, some lowesame creating shadows.
Canopy reflectance is therefore a combination of leaf refheetand re-reflection off different
layers of leaves. The geometry of the crop canopy will stipmgfluence the bidirectional re-
flectance distribution function (BRDF) while factors suahte@nsmittance of the leaves, number
of leaf layers the actual arrangement of leaves on the plahttee nature of the background and
illumination angle are also important factors (Gibson aod/€r 2000).

In the region of the spectrum from just below 0.7 mm, vegetatiesponse increases by an
order of magnitude (Collins 1978). This is at the far red pdrthe visible spectrum and is
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where chlorophyll absorption decreases and infrared tefleancreases and is know as the red
edge effect. As plants approach maturity it is expectedtti@iposition of the chlorophyll ab-
sorption edge or spectral response curve shifts towardgelowavelengths (know as the red
shift)(Campbell 1995)

The differences seen in the radiometric signature of dfiéplants are mainly seen in the pattern
of NIR reflectance. NIR is also useful at aiding in the idea#fion of deteriorating leaves. This
is due to the cells dying causing a lower NIR reflectance and@ease in the visible spectrum.

An aim of this thesis has been to re-parameterise a 3D acthrsd model of winter wheat to be
of use within remote sensing studies. As mentioned withenittroduction and review chapters
the output of this model is coupled with a canopy reflectanodehto give a modelled canopy
reflectance.

Within this chapter two models of each genotype, Caphorn asis8n are coupled with the
canopy reflectance model. One of each of these models is pteased using only the field
data collected in experiment 2 (see chapter 4 for more dedhitiata collection methods) and
the other parameterised using the field data but with theagibms as discussed in the previous
chapter.

Soil and leaf reflectance are required for the canopy refheetanodel simulations. Initially
in this chapter the measured soil and leaf reflectance is slaow the limitations of this data
examined.

The observed spectral reflectance of the canopy is shownbmtarcanopies and over a range
of sun angles and the differences discussed. These imagesarlated by coupling the crop
model and the canopy reflectance model and their differeingestigated.

The observed NDVI is calculated throughout developmemtgigie data collected by the SKYE
instrument and compared with the simulated NDVI for bothagaes for Caphorn and Soisson.
Comparisons are made between the observed and modelleg.value
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7.3.2 Soil and Leaf Reflectance

For more detail into the data collection methods used fdrauil leaf reflectance please refer
back to Chapter 4

7.3.3 Results

Leaf and Soil Reflectance

As can be seen within Figure 7.47 there is a slight differdreteveen the reflectance of the leaves
of Soisson and Isengrain. It can be observed for both geestitmat the higher rank of lamina
have a higher reflectance although the differences overalsmall as well as the sample set
from which the comparisons are being made. The leaf refleetdata used within the canopy
reflectance model is shown within this plot as is the dataetuly used with ADEL-wheat. One
method considered is to calculate a mean leaf reflectanog bsith the measured Soisson and
the Isengrain leaf reflectance. However, this would givea&deflectance that is not necessarily
real. This goes with the same observation for phenologyvthe mode plant was used rather
than the mean plant. It has to be considered here due to thedowling set and the difficulty
in obtaining the measurements that the data presented niderRepresentative of actual leaf
reflectance. However, when compared to the leaf reflectaineady used within the ADEL-
model, this data is shown to lie within the variation found fboth Isengrain and Soisson. It is
decided that this reflectance pattern should be left unathngthin the model.

Variation in the measured soil reflectance at different slaligring the crops development (see
Figure 7.48). The effect of this variation on the modelledioanetric output would have been
useful to quantify but was not carried out within the timenfi@of this thesis and is instead left
as a recommendation for future work. The reading taken orifile April is considered to be
the most representative reading of a bare soil. This is dtleettack of the red edge effect which
the other measurements show. The red edge effect beingdtease in reflectance around 700
nm.
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Figure 7.47. Measured leaf reflectance using an ASD clip attached to &nFAro spectroradiometer
(Analytical Spectral Devices, ASD Inc. Boulder, Colorado) on leafawo ranks (phytomer rank 5 and
6) of both Soisson and Caphorn (distinguished by colour, see labehglaxperiment 1.
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Figure 7.48: Measured soil reflectance taken using the GER1500 (@& OV and range 350 -1050
nm) taken at approximately 1 m from the ground on the 11th (red), 1%tbdr 20th (blue) and 21st
(purple) of April.
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Reflectance with varying sun angle

The effect of changing the sun angle on each sampling day weasuned by taking GER1500
reflectance data at different times in the day. However, astlvas only one GER1500 and
the weather was so changeable no truley comparative dataveet taken over both genotypes
under the same sun angles. The figures below (figures 7.49) tftleomodelled and measured
reflectance over both Soisson and Caphorn canopies at diffsom angles on April the 11th

(2005, experiment 2).

Comparing visually the observed reflectance data betweegethaetypes Caphorn and Soisson it
can be seen that Soisson has a higher observed reflectandgaphorn. However the opposite
is noticed with the modelled reflectance estimating the ctdlece to be higher for Caphorn than
Soisson.

On this sampling data the canopy cover for Caphorn and Sowsas0% and 80% respectively.
It would therefore be expected that the reflectance over ties8n canopy would be higher.

Comparing the two modelled reflectance data for genotype Gaphcan be visually observed
that the alternative model predicts a closer reflectancempato that observed compared to the
one based solely on field measurements. Referring back e canopy cover at this thermal
time (970) the estimated cover for the models based solefietthdata is closer to the observed
cover than that estimated using the model parameterisédagdptations. So although the alter-
native model is modelling the canopy cover closer to thaeoled the reflectance pattern is not
improved.

Comparing the two modelled reflectance data for genotypesBoifound the main difference to
be over the lower wavelengths where the reflectance wasasecewith the alternative model.
The alternative model assumed the earlier leaves to be naneghile leaves. When referring
back to the observed and modelled LAl and canopy cover atrialdrme 970, they are found to
be relatively close and so this difference in modelled arskoked reflectance is unexpected.

NDVI
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Figure 7.49: The effect of sun angle on observed reflectance ovesd®oand Caphorn on 11th April
2005, TT 972
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Figure 7.51: Observed NDVI over thermal time is shown in red for Soiasghin green Caphorn. The
Modelled NDVI over thermal time is shown for both models of SoissondretiCaphorn (green).
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The estimated NDVI values for all four models are compareti WDVI values measured in the
field. The NDVI measured at solar noon was used and it is thi¥IN2lue that was estimated
using the models. In general the observed and modelledsib&st matched later on in develop-
ment, after thermal time 1000. The lack of match between isexwved NDVI and the modelled
NDVI before thermal time 700 is likely to be a result of thedéwf frost and snow which would
have caused the NDVI to be zero or below. Considering thereltme model of Caphorn which
estimated canopy cover closer to that observed it is exgehtt the modelled NDVI estimated
from the output of this model will also be closer to the obseriDVI when compared to that
from the model parameterised using only field data from expemt 2. However, considering
these observations with those from Figure 7.51 it can beallisinferred that the Caphorn model
based solely on field measurement gives a closer match of NbMlse observed, the opposite
of that observed with canopy cover. This discrepancy is fownalso be true for Soisson.

Discussion

Leaf Reflectance

The variation in observed leaf reflectance between phytaards for both genotypes was small
although not necessarily negligible and the same is tru¢ghidifference between genotypes.
The sampling set was however too small in order to make a asivel statement regarding the
difference in leaf reflectance especially when considetiiregwork of Pinteret al. (1985a) who
found that single-leaf spectra measured in the laboratdtty avspectrophotometer revealed no
cultivar-related differences when measurements werentaker six winter wheat genotypes.
However this was inter related differences and perhaps fiteenresults obtained within this
experiment that age of leaf affects the reflectance. Thisldvoat be hard to believe as the
spectral reflectance of vegetation in the 400-700 nm regipnimarily given by the abundance of
chlorophyll and other pigments absorbing most of the ingidadiation (Thomas and Gausman
1977, Broge and Mortensen 2002) and as a leaf ages the |dwvhlsse pigments change. The
differences however may be negligible however a reductioreflectance in lower leaves or
older leaves could be incorporated within the model witlatieé ease. It has been assumed
that the leaf reflectance data already within the ADEL-whskettuld not be changed due to its
similarity with the measured reflectance from experimenn@ the lack of confidence with the
data collected. A mean reflectance was not used as it woulatsaliin the same way the the
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mode plant was used when choosing plants to measure.

Soil Reflectance

The variation in measured soil reflectance has been higelighThe effect of this variation on

the modelled radiometric output would have been useful @ntifty and is a recommendation
for future work. The measurement of soil reflectance requaesmall patch of the field to

be cleared. This required manual cutting and removing ofitglavithin a reasonable area of
the field to enable a non contaminated reflectance measurémée obtained. Some small

amounts of vegetation would have been left and so would hiigetad the readings obtained.
Within the readings taken after the 11th April the increasesflectance at 700 nm is observed,
this corresponds to the red edge effect which is suggesiateviegetation is present within the
readings. The reading taken on the 11th April does not haste awisible red edge effect and is
considered to be less contaminated and so has been incegbarihin the model.

Reflectance with Varying Sun Angle

Pinteret al. (1985a) who found no difference in single leaf spectra mesmsant suggested this
lack of difference along with the observed major differensereflectance observed between six
different genotypes of winter wheat at every time periodpatestheir apparent similarities in
green leaf area and green biomass supported the contenéibthe reflectance’s were strongly
influenced by canopy architectural features. They reirgdrthis conclusion with planophile
canopies exhibiting the least amount of variability due hartges in sun angle and erectophile
canopies showing the most. This is shown visually when comg@#he observed and modelled
reflectance between Soisson and Caphorn models. Althouglpdiiiern is noticed within the
modelled data, it was suggested by Pirgeal. (1985b) that soil evaporation tends to be higher
in open than in closed canopies which leads to the soil seidaging out faster when the mean
leaf inclination angle is increased for the same foliag@al&s this soil surface drying which is
associated with increased spectral reflectance (ledvat 1989) and so it would be premature to
congratulate the model for simulating this effect appraialy.
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NDVI

The estimated NDVI values for all four models are compareti WDVI values measured in the

field. In general the observed and modelled data is best m@taker on in development, so after
Thermal time 1000. The lack of match between observed anctlealbefore thermal time 700

is likely to be a result of the level of frost and snow which wbaause the NDVI to be zero or

below. However there is a general lack of agreement betweenliserved and modelled NDVI

between thermal time 650 and 1000 from all models even whenahopy cover estimates from
the model are close to those observed.

7.3.4 Conclusion

The results of this chapter give more questions than ansavetiighlight the lack of correlation
between modelling the canopy cover accurately and the magtiic signal. There is evidence to
suggest that especially where there is an erectophile gammpe emphasis must be placed on
soil reflectance. There is also some importance given toiffexehces in leaf reflectance over
phytomer rank. Within the field NDVI values of two genotypesre/ not obtained at one time
which makes it hard for a true comparison to be made. It woakhsfrom the data available
that the NDVI of both canopies does not differ greatly. Itnstead suggested to focus more
on the effect the architectural properties of the model laveeflectance by looking at the full
reflectance data of the canopy and over varying sun angle.
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Within this thesis, work has been presented on a new deveopof an existing 3D structural
crop model which has been parameterised using measuredtietdural and radiometric data.
The result of coupling the crop growth model to a 3D simulatwodel is presented as well as
how this coupling can be used to explore the impact of strecin the remotely sensed signal. To
my knowledge this coupling of both structural and radiomeedspects with the aim to optimise
crop model structure has not been attempted before andsallevo directly explore the effects
of model structure on a remotely sensed signal in the opdicalain.

Extensive field work spanning two growing seasons was @haig measuring the phenological
and structural differences that occurred during the grosrtd development of different geno-
types of winter wheat, this database has already been ugbuhwublished research papers,
highlighting it's usefulness for the furthering of agritwdal research.

As mentioned, analysis of this data has aided in re paramietgian existing 3D model (ADEL-
wheat). Within ADEL-wheat, the phenology of the plant igiadly considered before calculation
of the architectural properties of each organ. As a residtttiesis has been divided up into two
categories: Phenology and Architecture.

8.0.5 Phenology

Final Organ Length

A respected idea within crop modelling is that tillers cancbesidered as delayed main stems.
This allows additional stems to be parameterised by oneygeleameter rather than a full de-
scription of all organs on each tiller. Here, results showet the pattern of final organ length
over all axes was not consistent with the idea that tillers loa considered as delayed main
stems. The pattern of final lamina width and length was sh@asetdifferent over the different
axes for all phytomer ranks. The new models of final organtlepgoposed here in some cases
increase the number of parameters required from that cilyrenggested in the ADEL-wheat
model. However the resulting flexibility allows the modifiegbdels to encompass the observed
patterns of final organ length across different genotypeésuader different growing conditions.
This results in a more flexible and general description ofargngth.
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It was observed that not all organ types start significantvtiri.e rank N;) around the same
time, although for lamina and sheath, increased growth pgiomer rank was noticed for most
genotypes to be around rank 5-6 and for internode growth,ptwéomer later. No significant
correlations could however be found to enable this parantetbe estimated from the final
number of phytomers.

Leaf Appearance

Although leaf appearance was not measured within the figldyding a leaf number index it
was possible to compare leaf appearance over the diffeegrtttgpes and also over two growing
seasons. This work was important as it enabled the idedeafstibeing treated as delayed main
stems to be looked into over a variety of genotypes and fromgenotypes grown in different
environmental conditions.

Measured data showed that the leaf appearance rate (LARpepm® be similar between geno-
types, which is consistent with the results of Birehal. (1998). Slight differences in LAR
between the same genotypes grown in different years (SO&D05, CA04& CAO05) were
noted however the results were inconclusive as to whetleeadjustment of LAR is more ap-
propriate per environmental conditions than with regaalgenotype (as found by (Birakt al.
1998)). From the results of this analysis it is suggestet AR does not differ significantly
between axes and can be assumed to be the same as the maiBwtehrony between the ap-
pearance of the flag leaf on all axes was found to be good wischaeads to the idea that tillers
can be assumed to be delayed main stems as first discussadthtliinal organ length section
of this thesis. Assuming that the tillers are delayed ma#mst the delay, or shift parameters
as estimated by the final organ length models were used, witte adjustment, to model LAR
on the tillers from the model of LAR on the main stem. A good fitltis model to observed
data, for most axes on most genotypes was found. This me#thates the overall number of
parameters required by the model which is one aim of thisgshésaf appearance rate is an im-
portant consideration within the model as highlighted ia thevious chapter. Further research
into the effects on LAR are suggested that would enable aglegsrical model of LAR to be
implemented into the model. This would require data to bect#d on the same genotypes over
different growing seasons, and ideally include the thertmas of each leaf appearance.
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Tillering

Tillering was not formally included within the ADEL-wheatadel and instead a maximum tiller
number was used which would trigger leaves to be cut off tlatpht a given LAI threshold.
A new dynamic model of tiller number over thermal time hasrbsaeccessfully applied using
observed data from a range of genotypes over two growingssasequiring five parameters.

Tiller production is set using an equal hierarchy so thahddler has an equal chance of being
produced. Tiller survival is shown not to be equal betweders. Tillers 1 and 2 instead are
illustrated to be equally likely to survive and produce ableaear, with tiller 3 being the most
likely tiller to die before producing a viable ear and so & point of tiller death, T3 has a set
probability of surviving of 30% and T1 and 2, 70%

Parameter reductions are suggested by assuming that tiheaiitene at which the penultimate
leaf becomes liguled on the main stem is the time at whicértdieath commences. A rate of
death can then be applied specific to each genotype untiluimder of surviving tillers is ob-
tained (il,,,, ). Itis also suggested that further exploration into inawgting an LAI threshold
trigger for the onset of tiller cessation takes place so moaee the need of setting the parameter
describing a maximum tiller number.

8.0.6 Architecture

2D Leaf Shape

From the results collected from experiments 1 and 2 the factor has been shown to be similar
for all leaves of all genotypes on all axis for two differembging seasons. The simple quadratic
model currently implemented in ADEL-wheat is consideredbéothe most appropriate for the
modelling of 2D leaf shape. It was also found that the modelcbe re-expressed resulting
in the need for one parameter only, this parameter beingdhm factor. The idea of using a
separate parameterisation for flag and winter leaves wasdtess their form factor was found
to be lower than other leaves. However the resulting diffees were not significant so the
additional parameterisation was deemed unnecessary.affiad area and shape was found to
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be estimated accurately with the constant model over abbtypes, ranks and axes.

3D Leaf Shape

Changes have been made to the main stem angle from the verticdd has been reduced from
10° to 5° . Ideally however, parameterisation of main stem angle dallbw for the variation in
angle noted over the growing season, the trend of which weaartlgle from the vertical reduced
throughout the plants development, thought to be due torssepce of internodes.

A new parameterisation of the base inclination angle fterslwas also proposed to be changed
to 60° from 40°. The data collected on tiller angle did not include interadacation and rank
which meant an in depth analysis into the straightening eftillers in relation to the internode
ranks could not be made.

In general, uncertainty in the measurements of midrib dureawas high, giving a low confi-
dence with the 3D data on midrib curvature. However a simplalpola model was proposed
to be sufficient to model the midrib curvature of all leavegmall ranks and axes. A warning
is given however that no data was recorded on leaves of ramd4oaver, however within the
ADEL-wheat model it is suggested that base and middle leaxesnore similar in architec-
tural traits that upper leaves. Data was obtained on middieds meaning that lower leaves are
assumed to be similar to the data obtained on such leavesimmary it is accepted that the
data obtained from the digitisation contains a lot of noiskimg comparisons and observations
on midrib curvature and the effect of rank, genotype and grgweonditions problematic. An
additional problem that could not be overcome in the timenfeaf this thesis is the inability to
parameterise a leaf to have an inclination angle (from thézbnotal) greater tha®0°. Much
time was spent on this problem with no clear solution. Altiflomany of the leaves were shown
to have inclination angle much higher they are given a marinui 80 °© degrees due to the
limitation of the model.
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Canopy Cover

Modelled canopy cover was compared to observed canopy @ser way of understanding
how the model was predicting the canopy development andtstel In order to compare the
data it was necessary to analyse the canopy cover photagrapimethod of extracting three
rows of crop per image was considered a fair way to calculategmtage cover over a range of
photographs taken on different days and over differenttiona over the canopy. It was found
however, that from the small sample set of images obtaied Lising only three rows compared
to estimating cover from the entire photographs did nottyedfect the final percentage cover.

This method was also extended to the output from the modedndbled a profile of the dis-
tribution of vegetation at each thermal time step to be eckatt also enabled a greater insight
into why modelled and actual canopy cover differ by enablnglternative visual comparison
between modelled and actual canopy cover.

The Iso Cluster method did not significantly decrease ther emrdielp give a more reasonable
estimate of cover for some of the images which were hard &sdla The initial method, method
1, worked just as well as calculating the percentage covée ddvantage of the Iso Cluster
method was that it calculated the senesced material and graterial. However for the purposes
of this work, only the overall percentage cover was requamed it is concluded that either method
is suitable to calculate the percentage cover.

When looking at the progression of canopy cover over time peexnent 2, there is a plateau
(around 500 - 620 thermal time) of canopy cover. This comwesis to the time in which there is
a plateau in lamina length over phytomer rank and would exjphas plateau in canopy cover.

Validation

It is found that the modelled final organ lengths are not $icgmtly different to the observed
measurements in the field. Modelled LAl is also found to beoae&match to that observed. The
observed and modelled number of tillers is also found to beeckxcept over early thermal time
where it is over estimated for both genotypes. Assumptioadewithin the tiller model should
be considered as part of future research. However if initiak number is reduced further to be
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a closer match with that observed it would reduce the mode#mopy cover over lower thermal
time and therefore increase the difference between obdeand modelled canopy cover. It
must also be mentioned again that observed tiller numbdraatiinclude tiller 4 which reduces
potential canopy cover later on in development. Howevesdhdlers were small and most that
were produced did not survive to produce a head.

The focus of this chapter was to determine why canopy cowamaortant parameter for remote
sensing studies, was not being modelled accurately. Asgdbgy is shown to be modelled
accurately, alternative causes of this difference areegtmbe investigated, such as architectural
simulation.

When the perspective effect was included within the modehbis expected to have an effect on
the canopy cover, however none was observed in overall gacmger. Also when looking at the
profile of the canopy cover over the images with and withoetpgkrspective effect there were
only very small differences observed.

The phyllochron rate was shown, when it was lowered for theugation of a Caphorn canopy,
to alter the timing at which the canopy cover increased ficanitly after the noticeable plateau
in cover. This had a positive effect on lowering the diffezerbetween observed and modelled
canopy cover until a thermal time of around 1200 when it @éatn over estimation of cover.
There is no definitive phyllochron rate for winter wheat opithin published research, how-
ever it is usually stated to be around 100. The measured fdi@7ois therefore slightly higher
however was within the mean and standard deviation for aibgges measured during experi-
ment 1 and 2. The main point raised from this investigatidhésimportance of the phyllochron
rate when estimating canopy cover as it highlighted that allstdifference in the value of this
parameter can create a significant differences in the pssgre of canopy cover over time.

The architecture of the leaves is assumed to create a nblgcdidference in canopy cover. It is

shown that the canopy cover of Caphorn, an erectophile mdawier than Soisson a planophile
plant. Accurate architectural data was hard to obtain fahhkgenotypes. The lack of data
collected on early leaves was disappointing, although aidable considering the conditions in
the field and the equipment being used to measure archigeclie effect of modelling early

leaves to be more planophile than estimated from the field @atlected from older leaves) had
a positive effect on reducing the difference between oleskand modelled canopy cover over
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lower thermal time.

An additional investigation was carried out to the combied#féct of a lower phyllochron rate

and a more planophile structure for early leaves on the Capbenotype only. Both these
changes were modelled and the difference in the canopy awarthermal time compared to
the observed. The result was favourable, with observed aydklied becoming a closer match
until thermal time 900 after which the canopy cover is showhe overestimated by a significant
15-20 %.

It must be noted that senescence has not been included withimodel and that an improved
model of senescence could perhaps reduce this error. Inmgrdie initial estimation of cover
does however seem to create a greater error in the estimatioover in the later part of the
development of the canopy.

Other parameters were altered such as tiller angle whichcivasged back to the original value
of 60 degrees. This was found to have no significant effectamopy cover. Also changing the
boom height did not have a significant effect on the modelbatbpy cover.

The location of the plants within the field were also investiggl. In reality some seeds do not
germinate which causes gaps in the rows, this was espeaiatigeable within experiment 2.
The plants also do not grow in an exact line and instead areribes within this thesis to be
jittered about a row. Both these observations were atteminjpdebe incorporated with the model
separately. No quantitative assessment was made into how ptants should be removed or
how much are the plants deviate from straight rows, insteads$ based on a visual assessment.
By removing some plants the obvious effect on the modellenbjoya cover was that it was re-
duced and by including the jittering of plants about the rtve canopy cover was increased,
although only very slightly. This would not be the case witthe field. If a plant dies the plant
next to it will spread out and use the extra light and spacés mechanism is not included in the
model meaning that the effect of removing plants has to biys@a with caution. The effect of
jittering is shown to have a limited effect on the overall aay cover, which is also not realistic
within the field. Less over lapping of the leaves of the plamtsild be expected and again extra
tillers or leaves may be produced due to the extra light thatslwould receive due to reduced
competition.
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Overall the investigations into 3D architecture have pided a good amount of information into
the important considerations within the modelling procedsdas also highlighted the need to
look at the overall canopy cover as well as the spatial aear@nt of the crop within the field.
The limitation of the classification method used to creatattias been referred to as the profile
of the canopy cover image is accepted however it does helghlighting the effect different
variables have on canopy cover. It also brings to attentierusefulness of this when looking at
the effects certain parameters or model considerationgoapy cover.

Validation: RadiometryA variation in leaf reflectance was observed between phytoanek.
The sampling set was however too small to make a conclusatersent regarding the difference
in leaf reflectance especially when considering the workiofd?et al. (1985a) who found that
single-leaf spectra measured in the laboratory with a spelabtometer revealed no cultivar-
related differences when measurements were taken overisienwheat genotypes. However
this was inter related differences. If however it is constdiethat the spectral reflectance of
vegetation in the 400-700 nm region is primarily given by #imindance of chlorophyll and
other pigments absorbing most of the incident radiationofiihs and Gausman 1977, Broge
and Mortensen 2002) then as the leaf ages the levels of thgsems change and so does its
reflectance. Incorporating an age related reflectance itmetithin the model is a suggested
further enhancement of this model.

Soil Reflectance

The variation in measured soil reflectance has been higelilghrhe effect of this variation on
the modelled radiometric output would have been useful #ntjity and is a recommendation
for future work.

Reflectance With Varying Sun Angle

Pinteret al. (1985a) who found, no difference in single leaf spectra measent, suggested
this lack of difference in reflectance observed between gigrdnt genotypes of winter wheat
at every time period, despite their apparent similaritiegieen leaf area and green biomass,
supported the contention that the reflectance’s were digonfjuenced by canopy architectural
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features. They reinforced this conclusion by showing thah@phile canopies exhibit the least
amount of variability due to changes in sun angle and erddpanopies showing the most.
This is shown visually when comparing the observed and nhedleéflectance between Soisson
and Caphorn models. Although this pattern is noticed witherrhodelled data, it was suggested
by Pinteret al. (1985b) that soil evaporation tends to be higher in open thafosed canopies
which leads to the soil surface drying out faster when thembeaf inclination angle is increased
for the same foliage area. It is this soil surface drying whiassociated with increased spec-
tral reflectance (lrongt al. 1989) and so it would be premature to congratulate the mautel f
simulating this effect appropriately.

NDVI

The estimated NDVI values for all four models are compareti WDVI values measured in the

field. In general the observed and modelled data is best m@taker on in development, so after
Thermal time 1000. The lack of match between observed anctlealbefore thermal time 700

is likely to be a result of the level of frost and snow which Wwboause the NDVI to be zero or

below. However there is a general lack of agreement betweenliserved and modelled NDVI

between thermal time 650 and 1000 from all models even whenahopy cover estimates from
the model are close to those observed.

8.1 Summary

The validation of the structural model outputs has proveaktericky. This is a result of the sub-
tlety of the changes in structure, and their various impastsanopy cover and the remote-sensed
signal. Limitations of radiometric measurements can otteerwhelm variations due to struc-
ture. There is evidence to suggested a lack of correlatitiwd®n modelling the canopy cover
accurately and the radiometric signal and that especidtigres there is an erectophile canopy
more emphasis must be placed on simulating soil reflectacmeaely. There is also some im-
portance given to the differences in leaf reflectance ovgtgeher rank. Within the field, NDVI
values of two genotypes were not obtained at one time whidtesé hard for a true comparison
to be made. It would seem from the data available that the NiD¥bth canopies does not differ
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greatly. It is instead suggested to focus more on the effexiatrchitectural properties of the
model have on reflectance by looking at the full reflectanda dathe canopy and over varying
sun angle.

Further Work

This research has led to healthy number of questions. Thdioaton of the 3D model and
the canopy reflectance model is suggested and hopefullylidgingdd within this thesis as an
efficient tool that can be utilised in answering some of thigsestions. There are many ways in
which the 3D Architectural model could be improved. One @ wWays would be to implement a
senescence model. Extensive data on senescence wastcollatdExperiment 1 and 2 however
time restraints meant a model was implemented within thessoof this thesis. This model
would enable a better simulation of the canopy over middlat® development. It would also
then allow a LAI threshold to work efficiently in ceasing ¢itldevelopment. Currently the new
tiller model implemented uses a maximum tiller number tosedler development, however it
was shown that a threshold value of LAI could be more appaderiThe 3D curvature of leaves is
simplified within this thesis yet the suggested model didatiotv for the leaves with inclination
angle of more thag0° (from the horizontal). There is a need to understand at whatht along
the leaf blade that the angle of inclination is calculated #ren it would be of interest to see
how the inclination angle of leaves changes with age of lgafegards to the age of the leaf,
the reflectance of leaves was found to differ over rank, wisch likely response to the change
in pigments in the leaf as it ages. This could be investigatgtier and as suggested would be
simple to implement into the model.

Summary

One aim of this work is to build a useful database of informaibn wheat growth and develop-
ment. This has been successfully achieved. It holds infooman many genotypes over one
experimental period and information for two genotypes dwar growing seasons. The database
includes phenological and architectural data which cap fesd into continuing research with
wheat growth and development. It also gives feedback on taelthcks and advantages of
certain measurement techniques which should also aid urefugxperimental research. This
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database has already proven useful to other applicatioapfresearch and has contributed to
two published papers ((Dornbusehal. 2011, Dornbusclet al. 2010)) and no other published
work can be found that details such an extensive databaséoofriation from the same growing
season on winter wheat genotypes.

The crop model that this thesis is focused on is ADEL-wheatkvis considered to be a dynamic
3D model of winter wheat and as mentioned simulates exiylithe structure of the crop at
the plant level. There is no published work available on tbapting of a radiative transfer
model with a 3D dynamic Architectural crop model in relatitnwheat. This thesis aimed
to investigate the idea of this combination of models andlistrate its potential use within
remote sensing studies to understand more about the howtrtletuse of the canopy affects
the radiometric signal. Despite the difficulties and litigas of validating the structural model
via radiometric measurements, some conclusions were lpessigarding the impact of new
model developments of canopy architecture on the remotgrsgrignal. Two 3D-Architectural
models exist of genotypes of winter wheat with differinghatectural properties, grown under
the same environmental conditions. They have with someessdoeen coupled with a radiative
transfer model and simulations of reflectance compared aathal reflectance. Additional time
is required to now utilise the power of this tool to unpick iegter detail the properties affecting
the reflectance and start to answer some of the questiorsirais
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