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Abstract. Models of cotton plant architecture expressing several phys-

iological hypotheses about plant resource use and responses to dam-

age are incorporated in the traditional research cycle to investigate the

phenomena of compensation for defoliation. Two separate approaches

to modelling the uptake and allocation of carbon are used: a detailed

bottom-up physiology model expressing ideas about local control, and a

top-down, canonical approach where qualitative knowledge about plant

responses to defoliation are modelled as ÿows between plant physiological

compartments. The two models provide contrasting methods for devel-

oping explanations for the underlying pattern of responses observed in

the plants.

1 Introduction

The basic tool in a computational plant scientist's tool kit for studying bio-
logical eÿects related to plant architecture is a system for expressing models of
plant development on a component-by-component basis. L-systems [1]allow such
models to be expressed. Well-established techniques for developing models from
relationships observed in real plants [2] are employed. These models can be used
to express multiple hypotheses about plant behaviours, producing visual sim-
ulations and data output that capture emergent properties of the interactions
among a number of hypotheses. We use this approach to investigate aspects of
plant resource use and damage responses. This paper will show how the addi-
tion of a simulation phase to the normal investigative protocol of hypothesis
and experimental phases aided in developing our understanding of responses to
defoliation in cotton. We also aim to illustrate some of the diÿerences between
canonical and explicit approaches to modelling plant physiology, highlighting
strengths and weaknesses of each.
Background It is well established that cotton crops have a high ability to
compensate for signiþcant levels of damage of various forms [3, 4], including
defoliation [5, 6], particularly when damage occurs early in the season. That
is, cotton crops are able to produce `normal' yields (seed mass, lint mass and
quality) following the removal of quite signiþcant quantities of leaf tissue. A
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considerable body of work quantifying crop-wide yield compensation under a
variety of conditions already exists. However, the morphogenetic mechanisms of
the compensatory response and the architectural variables of the response (for
example, leaf area or stem length changes) are not well understood.

We used L-systems [1, 7] to develop our models of cotton growth and dam-
age responses. Full text of the model code and visualisations are available at
www.cpai.uq.edu.au.

An initial model of cotton seedlings was developed to aid in the generation
of morphological hypotheses concerning main stem extension in cotton and its
response to defoliation. This initial model links hypothetical physiological mech-
anisms with morphological outcomes. Leaves near the top of the plant tend to
supply their photosynthetic output upwards, towards the apex [8]. Therefore,
the central hypothesis of the model is that leaf photosynthetic output near the
top of the plant makes a signiÿcant contribution to the development of new
metamers, deÿned here as an internode, leaf, and axillary bud, by the apex (Hy-
pothesis 1). Consequently, any signiÿcant defoliation near the top of the plant
would aþect the period of time between the appearance of successive metamers
of the main stem (the plastochron), slowing development (Hypothesis 2). It has
been shown that plants may respond to defoliation by increasing photosynthetic
output from remaining or newly produced leaf tissues for a period of time [9, 10]
(Hypothesis 3). The expansion of new leaves and internodes may also at some
point be limited by reduced availability of photosynthate (Hypothesis 4) [9, 10].
Apical development In the model, apical development is controlled by a re-
source pool. The upper leaves contribute to the pool, while apical development
consumes the resources, once the pool has passed a threshold value. This pro-
cess may occur multiple times in one time step (a day), to allow for development
of more than one set of parts. As new parts are produced, they are assigned a
number identifying their node of attachment on the main stem.
Mechanism for accumulating photosynthate to fuel apex development

The amount of resources each leaf adds to the apex resource pool is a function of
the size of each leaf, its proximity to the apex, and its current rate of photosyn-
thesis. Thus, each leaf within a user-deÿned distance from the apex contributes
resources to the pool. The apex checks its resource pool after all the relevant
leaves have contributed resources for the day.
Mechanisms for modelling the eÿects of defoliation In the defoliated
model, leaf area is removed in the appropriate locations and times, and a signal
from the wound site causes a rate modiÿer to be increased. After a user-deÿned
time period, it is reset. The rate modifying variable alters the rate of photosyn-
thesis and of expansion of new leaves and internodes, ultimately changing their
fully expanded size.
Initial model output Morphological predictions were made from the initial
model for leaf area, plant stem length, and internode number (Fig 1). Consis-
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tent diÿerences between the two plants are apparent, in particular, for leaf area
per plant. The diÿerence becomes apparent soon after defoliation, and a reduc-
tion in rate of increase in leaf area around steps 38-45 is primarily responsible
for the signiþcant diÿerence throughout the rest of the simulation. Signiþcantly,
the increase in photosynthetic output following defoliation results in the plant
developing new metamers more rapidly for a period of time (from defoliation
to about step 32). Then, as the photosynthetic advantage is lost, the defoliated
plant's plastochron increases compared to the control plant, with the result that
although the plastochrons are later identical, the defoliated plant consistently
lags behind. These observations led us to derive new morphological and mor-
phogenetic hypotheses:
Hypothesis 5: Defoliated plants will manifest reduced leaf area at the end of the
experiment compared to control plants.
Hypothesis 6: Defoliated plants will manifest reduced main stem length at the
end of the experiment compared to control plants.
Hypothesis 7: That there would be a period where the main stem plastochron
of defoliated plants would be shorter, then longer, than for undefoliated plants,
resulting in fewer main stem nodes on defoliated plants.
Hypothesis 8: That leaves and internodes produced soon after defoliation would
be smaller than the corresponding components on undefoliated plants. An initial
experiment was designed to test these morphological hypotheses.

a) b)

Fig. 1. Initial model predictions: a) Leaf area per day per plant. b) Number of main
stem internodes per plant. Solid line: control plant; dotted line: defoliated plant

3 Experiment

Materials and Methods The experimental design consisted of a control group
and three treatments: the removal of one of the cotyledons, the þrst true leaf,
or both a cotyledon and the þrst true leaf. Twelve plants were subjected to
each treatment. Gossypium hirsutum `Sicala 40' was chosen due to its upright
growth habit, reducing `lodging' of the plants as they mature, (L. Wilson, pers.
comm.) and because it shows architectural characters broadly typical of normal-
leaf cotton varieties.

710 D. Thornby, M. Renton, and J. Hanan



The plants were grown in a glasshouse, providing approximately 80% of
full outdoor irradiance and photoperiod of approximately 15 hours day/9 hours
night. Relative humidity inside the glasshouse was maintained at approximately
60%. The plants were sown into plastic containers (20 cm diameter, 20 cm deep)
containing a medium made up of composted pine bark (60%), coarse sand (20%)
and peat (20%).

The plants were allowed to grow until the majority of ÿrst true leaves were
fully expanded, at which point the vigorously growing, straight-stemmed plants
were assigned randomly into treatments. Defoliation was of whole laminae, using
secateurs, and petioles were left intact. Plant architectures were measured using
a SAC Freepoint G12 sonic digitiser and Floradig software.

ResultsThere were no signiÿcant diþerences in main stem node number between
treatments, either during (Fig 2) or at the end of the experiment (Fig 3). Leaf
area (Fig 3 b) was not signiÿcantly aþected by any of the treatments applied,
thus showing full compensation.

Fig. 2. Mean number of main stem internodes present per day during the experiment.
ÿ control plants; Æ remove one cotyledon; 4 remove ÿrst true leaf; 4 remove both

a) b)

Fig. 3. Plant growth at the end of the experiment: a) Mean number of main stem
internodes per plant. b) Mean lamina area. Error bars are one standard error
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Discussion Several aspects of the cotton plants' growth and development did
not ÿt with hypotheses generated using the initial model. Firstly, main stem plas-
tochron was not perturbed by defoliation, at least at the levels tested in experi-
ment one. It follows that main stem meristem activity is either not carbohydrate-
limited, or not limited at the levels tested in experiment one. Secondly, the size of
new leaves and internodes was not simply reduced by defoliation, but increased
by up to 20% for a short period of time following the removal of true leaves.
Conversely, the removal of a cotyledon at the seedling stage decreased the size
of newly produced leaves and internodes for a short period. This may have been
due to reduction in supply of some nutrient or nutrients from the cotyledons,
or a change in the production of some regulatory signalling compound. Leaves
and internodes at positions 3 and 4 were not fully expanded at the time of de-
foliation, therefore should have exhibited a size diþerence between treatments
once fully expanded. The ÿrst metamers with diþerent sizes were not measured
as present at the time of defoliation, except as primordia. Leaves already in
the rapid expansion phase were not aþected by the signalling and/or resource
changes caused by the defoliation treatments.

Thirdly, for leaf area and main stem length, the treated plants were able to
compensate fully - that is, no signiÿcant diþerences were found between treat-
ments for these morphological characters. Therefore, main stem development
and growth rates (and thus absolute growth rate in pre-ýowering, unbranched
seedlings) are not a function of the amount of leaf area left on the plants after
defoliation. Where the initial model predicted that defoliated plants would be
unable to carry as large a reproductive biomass as undamaged plants [11], the
data from the experiment suggests otherwise.

4 Improved Physiologically Explicit Model

To capture the results of the initial experiment, either quantitative (parameter
changes to existing mechanisms) or qualitative (changes of mechanism) changes
must be made. Reasonable quantitative changes did not allow the model to sim-
ulate the responses observed in the data; in order to have the model compensate
fully, the rate modiÿer needed to be adjusted upwards to above 2, and to last
for several weeks - well beyond any level likely to be observed in real plants.
Within the experiment's limits, the main stem appears to develop obligately
(according to a predetermined plan), not facultatively (according to current re-
source levels). This appears to be a signiÿcant contributor to the ability of these
plants to compensate for defoliation in the tested indices such as leaf area (Fig
3 b). Therefore, we made qualitative changes to the physiological hypotheses
underlying the model, by replacing the explicit mechanisms for plastochron de-
pendence on levels of substrate carbon (Hypotheses 1-3) by the hypothesis that
the plastochron is determined only by accumulated day-degrees [7].
Changes made to the initial model The value of the day-degree requirement
of each successive main stem plastochron is determined using values appropriate
to the current length of the main stem, in node numbers. While carbohydrate
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availability was removed from the decision-making process concerning main stem
meristem activity, carbohydrate production, transport and utilisation are used
as important drivers of the successful development of plant parts in the new
model. Local levels of available carbohydrate are stored for each main stem
node position. Substrate carbohydrate is produced in the leaves according to
grams per square centimetre values for cotton leaves given by Constable in his
examinations of transport of radioactive-labelled carbon in cotton plants [12,
13]. Leaf productivity increases to a peak at about 7 days after production, and
then declines with age [12].

Carbohydrate is transported upwards and downwards between main stem
node positions, with values transported in each direction determined by each
node's distance from the apex.

Future potential maximum sizes of parts are determined in the primordial
phase. When the apex develops, it produces a primordium, rather than a fully
diÿerentiated set of plant organs (internode, bud, and leaf). The primordium
carries a parameter that aÿects the size of the leaf and internode that it will
eventually become. For each day that perturbed conditions exist in the plant,
the potential maximum size of future metamers is adjusted.

Successful expansion of new parts (leaf, internode, þower bud, boll) to full size
depends on local availability of substrate carbohydrate. Reproductive structures
have the highest priority over local supplies of substrate carbohydrate and will
be abscised if insuÆcient carbohydrate is available over a length of time.

Output from the improved explicit model By changing the model in the
ways speciýed above, the plant is able to compensate more or less fully for
defoliation applied in the simulation. The results for leaf area (Fig 4) show high
levels of compensation for defoliation. Number of main stem nodes over time is
exactly the same for each treatment.

Fig. 4. Leaf area per plant, predicted by improved physiologically explicit model. Solid

line: undefoliated; dotted line: two leaves removed at start.

Discussion Some aspects of the initial physiology model remain: notably, the
eÿect of defoliation on the rate of photosynthesis. This illustrates one of the
shortcomings of the morphological approach to experimentation: that is, we did
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not measure the rate of photosynthesis and so could not evaluate any changes to
photosynthetic output following defoliation. Therefore, while our morphological
data did not dispute the theory of an increased photosynthetic rate, neither do we
have direct information on the phenomenon. The physiologically explicit model
leads us to believe that such a mechanism is at least possible, and indicates
that it would be a partial explanation for the level of compensation found in
the experimental results. We therefore retained it as one of the physiological
hypotheses present in the model. However, we were not able to improve that
aspect of our model by, for example, more accurate (data-supported) estimation
of rate parameters. The parameters for changing the value of the rate modifying
variable, and for its eÿects on the model plant's behaviour, remain þtted by
hand.

There are two alternatives for improving our ability to produce numerically
accurate simulations of the interactions between cotton's physiology and mor-
phogenesis: either improve the physiologically explicit model by gathering more
directly physiological data, or model the physiology at a more abstract level.

5 The Canonical Model

Where we encountered a need for missing pieces of information on aspects of
cotton's physiological processes, the construction of a physiologically explicit
model became diÆcult and less rigorous than we would have liked. In order to
address this, we decided to model the physiology at a more abstract level [14].
The canonical approach [15] is particularly useful for modelling the qualitative
and quantitative behaviour of physiological systems where detailed knowledge
about the system is unavailable, when gaps exist in detailed knowledge, or when
a detailed physiological mechanism is not needed. Similar canonical models have
been eÿective in modelling birch tree responses to damage [15], forest stand
dynamics [16, 17] and dry matter partitioning in trees [18].

Construction First we decided which variables would be important for our
model and assigned each one a `compartment' x. We then used a series of dif-
ferential equations to represent ýows of resources between compartments. The
equations are of a simple, robust power law form: flux = kxh, where k and h

are þtted constants.

In our case, the compartments and ýow equations represent diÿerent aspects
of the carbohydrate physiology system in cotton: leaf biomass, stem biomass and
storage (Fig 5). We also added a `response' compartment and a ýow for `lost'
carbon resource (representing carbon that is actually lost from the system as
well as that which becomes þxed in structural components other than leaf and
stem). Resources ýow into the system and between the compartments, altering
the state variables corresponding to each compartment.

Various aspects of physiology are simpliþed or implied. For example, the
existence and characteristics of the storage pool are only qualitatively known,
and the exact character of the response compartment is unknown. The structure
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a) b)

Fig. 5. Flow diagrams for the canonical model. The ellipses represent compartments.
The solid arrows represent ÿows between compartments. The dotted arrow represents
the inÿuence that a compartment has over a ÿow. a) The `presence' version. b) The
`absence' version

of the canonical physiology model is based on qualitative assumptions about the
system.

In the case of our model, the primary aim was to demonstrate the process of
compensation, to assist in constructing hypotheses { and therefore further ex-
periments { about compensation, and to simulate the eÿects of presuming these
hypotheses to be true. Clearly, in order for the cotton plant to compensate for
damage in a mathematical model, there must be a response - a mechanism for
changing the behaviour of the system so that it returns to the same state as an
undefoliated system. The basis of our model's response mechanism is the adjust-
ment of allocation patterns away from storage towards leaf and stem growth.

This response was modelled in two diÿerent ways. Firstly, in the `presence'
version, a defoliation event stimulates the production of a response, which could
be a cascade of compounds in real plants. The response compartment alters
the system's allocation strategy while it is present, and decays after its initial
stimulation. Secondly, in the `absence' version, an `allocation control' compound
is produced consistently at a rate proportional to the leaf biomass pool and
decays at a constant rate; upon the removal of some portion of the leaf mass (i.e.
defoliation), the size of the `allocation control' pool drops rapidly, causing the
response variable to increase in inverse proportion. The change in the response
variable alters the allocation pattern, again away from storage towards leaf and
stem growth.

The values of the constants for these equations were determined by evolution-
ary optimisation algorithms; the model was þtted to a subset of the data from
the experiment. The model was solved using the Euler method for diÿerential
equations.

The model displays near-complete compensation for leaf biomass (Fig 6),
which þts with the experimental data.

6 Conclusions

Expressing our hypotheses in a dynamic model has enabled us to investigate
their interactions in a concrete manner. The model that assumed increased leaf
production rate was tested against an experimental data set and required adjust-
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a) b)

Fig. 6. Leaf biomass per plant, predicted by the canonical model. Solid line: undefo-
liated; dotted line: defoliated 65% at day 75. a) presence version; b) absence version

ment. The new model incorporated obligate development of the main stem, as
this appears to be a signiÿcant contributor to the ability of these plants to com-
pensate for defoliation in the tested indices such as leaf area and plant height.
Uninterrupted development of new metamers on the main stem allows for re-
placement of lost leaf area without depending signiÿcantly on the remaining leaf
area after defoliation, therefore the model is able to compensate for the lost leaf
tissue. This physiologically explicit model is well suited to testing speciÿc aspects
of physiology. However, it is very sensitive to incomplete or incorrect knowledge
(whether qualitative information or quantitative data).

The alternative, canonical model is particularly eþective at demonstrating
compensation for defoliation. Unlike the physiologically explicit model, it simu-
lates compensation using a whole-plant controlling mechanism - the adjustment
of resource allocation away from storage and into vegetative parts. Because it
is mechanistic at a global level, it can be parameterised to ÿt a set of obser-
vations relatively easily. While not giving insights into interacting physiological
hypotheses at a local level, it does allow us to investigate other aspects of the
system. While both `absence' and `presence' models achieve compensation, only
the `presence' model can simulate over-compensation. If experimental results
showed overcompensation, this would lend support to the `presence' mechanism
at the expense of the `absence' mechanism.

We intend to investigate the issue further by producing a hybrid model:
one that uses a canonical model to determine physiological parameters, which
would then be passed to an architectural model for allocation to structure. The
level of interaction between the two models may be ýexible; would probably
be the major part of the problem of getting the two together. It is our hope
that the structural model will provide a method for improving the canonical
model's realism, while the canonical model should help avoid the problems of
inconsistent or missing data we have observed in constructing the structural
model with explicit physiology.
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