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Abslract

In order to optimize nitrogen fertilisation, it is necessary to take account both of nitrogen
uptake and of nitrogen redistribution within the plant. Quantitative mathematical models of N
uptake and partitioning have therefore been developed. The nitrogen uptake o del deseribes
uptake by peach trees during the first year of growth, in sand culture with continuous irrigation
and N fertilisation. Various candidate models were considered. In this case, the selected model
used a third-order polynomial to describe root uptake efficiency. The partitioning model was
developed using the same data set. The model describes nitrogen partitioning using a set of
differential equations with transport coefficients. N uptake as caleulated from the uptake model
provides the input of N. The transport coefficients were estimated by fitting the rnodel to the
amounts of N in each plant compartment at each measured date. Given these two models, it is
possible to calculate nitrogen fertilisation strategy to optimize various objective functions. The
present contribution {ocuses on this use of the models.

1. Introduction

For perennial crops such as fruit trees, there are two main sources of nitrogen nutrition. The
first is soil nitrogen, taken up by the root system, and the second is nitrogen reserves in the
perennial parts of the tree. In order to optimize nitrogen fertilisation, it is necessary to take
account both of nitrogen uptake and of nitrogen redistribution within the tree, Quantitative
mathematical medels of N uptake and partitioning have therefore been developod.

A dynamic simulation model of total nitrogen partitioning in a whole tree was developed by
Habib and Monestiez (1987). Nitrate absorption by roots was described by an cqualion of the
Epstein-Ilagen type {Epstein, 1976). Root uptake efficiency (g N/ g dry rosts/d) was assumed
constant, with a value appropriate for a growing root system. The model was tested and
modified for trees growing in soil (Habib et al., 1989). Wallach et al. (1990) showed that using
a time-dependent function for nitrate uptake efficiency gives a modet with smaller average error
of prediction for N uptake. The data set used in this study comes from peach trees eyltjvated in
sand culture with continuous irrigation and fertilisation during the first year of growth. Hahib
et al. (1990} introduced the modified model for N uptake into the N redistribution nodel. This
model then acceptably simulates N partitioning in the same peach trees referred 1o above, The
model ignores N redistribution from senescing leaves to the perennial parts of Lhe tree. Since
the data only go up to the start of leaf fall in the first year of growth this is not very important,
but in a model covering several years of growth it would have to be considered. Given the time-
dependent uptake model and the partitioning model, it is possible to investigale the effecis
of various nitrogen fertilisation strategies. Given a criterion, it is then possible Lo caleulate
the optimum strategy. The present paper focuses on this use of the models. The caleulated
strategies are in principle adapted lo young peach trees, since the models are hnsed on results
[or such trees. Dut the method is suitable to a large scale of fertilisation problems.
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2. Materials and methods

9.1 Lay-out of The Experiment

The experiment is fully described in Wallach et al. (1990) and Habib et al. (1990),
and will thus only be briefly restated here. One-year old peach trees selected for similarity
end severely pruned to increase homogeneity were planted on February 1885 in south eastern
France in calibrated-sand containers. They were continuously irrigated and fertilised with a
nearly constant nitrate concentration of 140 uM. Nutrients other than nitrate were applied as
necessary, either in the irrigation water or in foliar sprays. At each of 13 dates starting mid-
April and ending mid-December 1985, randomly selected trees were removed [rom containers.
Roois were extracted from sand, and each tree was divided into roots, trunk, shoots and leaves.
Each part was oven-dried, weighed and analysed for total N content. Only the results up the
start of leaf fall are used (i.e. 9 sampling dates ending 21 October 1985), since it was not
possible to recover all fallen leaves.

2.9 Modelling N Uptake (Wallach et al.,1990)

The nitrogen uptake model describes uptake by peach trees during the first year of
growth. In a first step, various candidate models were considered. All took the form of an
Epstein-Hagen equation, with uptake rate expressed as the product of total root weight and
root uptake efficiency. Each candidate model expressed the efficiency factor as a different order
polynomial function of time. For each the mean squared error of prediction (MSEP; Bunke
and Droge, 1084) integrated over time was estimated from the data. 1t was found that the
model which expressed efficiency as a third order polynomial function of time had the emallest
estimated prediction error, and was therefore the model of choice. According o this model
(Fig. 1), N uptake efficiency increases from near zero in mid-April to a maximumn of 0.0031 g
N. g~! root. d~% in late May, and then decreases again to near zero in late September.

2.3 Modelling N Patitioning {Habib et al., 1590}

The model describes nitrogen partitioning between plant organs using a set of differential
equations with transport coefficients. N uptake as calculated by the uptake mode! provides
the input of N. Four compartments are considered - roots, trunk, shoots and leaves, There
are four main assumptions made in the model, (i) only certain of the flow pathways between
compartments need be considered, (i) for each compartment, the rate of nitrogen outflow
depends on the nitrogen content of that compartment (i.e. its source capacity}, (iit) the rate
of nitrogen outflow from a compartment is proportional to the sum of the rates of dry matter
increase in the compartments that can act as sinks for that compartment (i.e. sink needs for
growth are considered the driving force for nitrogen partitioning), (iv) total cutflow frem a
compartment is divided among the sink compartments according to their rates of dry matter
increase (i.e. sink equivalence). The transport coefficients were estimaled by fitting the model
to the amounte of N in each plant compartment at each sampling date, Precisely, N pariitioning
is given by :

4 2
__GR_‘ = aig{t) + ;(a,-jﬁ‘jN,- — a;;i KiNi)
where: 4 1 dMS;
git) = ;ok(t)g(tkLafJ’ =S T d
and
a= K:(j chsl(t)g/[dSﬁﬂ:
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and where 7;; indicates a relation from compartment ¢ to compartment j, 85 are the coeflicients
of the absorption function g (fx(f1) = dx), co is the concentration of N in the soil, MSi(2) is
the dry matter in compartment i.

Given initial conditions, these equations are verified for 1 = 1,4.

The eriterion to minimize is a sum of squared errors !

3 4
1
J =5 3N = NP~ 1)
=1 i=1
where the unknowns are the g(i;) for k= 1to 4 and the K; for i =1 to 3.
(N; and NJ* are the calculated and the measured values of ¥V in the compartment i)
This was minimized using a Quasi-Newton method. We sotved the adjoint system from

tplot::

die 3 ] a

SP =Y agltpy = pi) + (N = NP6 1)
i=1 l=1

with p;(t;) =0for i=1,4

and where § is the Dirac function ([ F{£)8(2)dt = f(0)).

and we applied the maximum principle of Pontryagin (Pontryagin et al., 1062) to obtain the

derivatives of the criterion to minimize :

aJ j‘f 2
LA B pidt
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and .
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2.4 Optimization of the Timing of N Fertilisation

Cliven these two models, it is possible to caleulate nitrogen fertilisation strategy to op-
timize various objective functions, Various objective functions, and various sets of possible
strategics, may be of interest. For example, one can fix the total amount of fertilisation, and
caleulate the timing that maximizes the amount of N at the end of the season in roots or
stem, in order to maximize reserves for the following year. Alternatively, one can maximize the
amount of N in the leaves, in crder to maximize the current growth. In the case considered
here, the goal is to maximize the amount of N in the trunk at the end of the season. The total
amotmt of fertilisation and the dates of fertilisation are assumed fixed (there are 10 dates evenly
distributed over the season at 54, 73, 92, 111, 130, 149, 168, 187, 206, 225 days from planting).
The trees are assumed to be growing in 0.1 m® nutrient soluticn, renewed at each fertilisation.
The optimization calcuiates the concentration of N {mg.1™!) in the nutrient solution at each
fertilisation date.

Precisely the objective function to maximize is :
J = Na(t;) (N in the trunk)

under the constraints of positivity for Ny at each time ¢ and compartment
The same model as the partitioning model was used for the optimization of ihe timing

of N fertilisation except that :
¢o is replaced by Ny /v, where Ny is the amount of N in the nutrient solution and v is

the reference volume : .

NJ(t) = w = Y (Nild) - Nilt)}

i=1

83




Here the unknowns are the 10 amounts 1. Therefore, we salve 10 systems (for each of
the 19 days-period).

Three levels of total N fertilisation N} are considered, 10, 7.5 and 5 g N. The optimization
has been made under the constraint of a minimum value of N concentration in roots and/er
leaves i1, : rocis 0.01 and 0.011 g£~ ' N, leaves 0.02, 0.025 and 0.026 g.g~! N. The optimization
uses a Quasi-Newten method.

3. Results and discugsion

The timing of nitrogen fertilisation for three levels of total N fertiliser (i.e. 10, 7.5 and 5 g
N} is shown in Fig. 2.

The overall pattern is a sharp increase in the amount of N fertiliser from the beginning of
spring til} the end of July, a decrease during the end of summer and then a stabilization at
tower but significantly non-zero values during the beginning of autumn. This indicates thal
the N fertiliser is poorly used during the early spring, but is still useful during the autumn,
what is consistent with a Iot of published resulis. Although the timing of N fertilisation seenis
to be similar to the dynamics of N uptake efficiency (Fig. 1), the maxima are not reached at
ihe same time (Fig. 3). This is most probably because the need for fertiliser is a compromise
between the mitrogen uptake efficiency, the actual length of the growing root system and the
nitrogen need for growth.

In terms of timing, there are only very slight differences between the three simulated treat-
ments, and at each fertilisation date the partitioning of nitrogen fertiliser between treatments
is almost propertional to the total amount of fertiliser in each treatment. However, the total
amout of fertiliser affects the total amount of the taken up nibrogen. At the end of the sime
ulation period, the total amount of N in roots, trunk and leaves is about 85% and 63% of the
10 g fertiliser treatment, respectively for the 7.5 and 5 g total fertiliser treatments, Thus the
doerease in nitrogen uptake has been less than the decrease in nitrogen fertilisation leading in
a higher efficiency of N fertiliser.

For a total fertiliser amount of 10 g, the figures 4 and 5 show the effects of various constraints
on leaf N concentration on the timing of N fertilisation for a constraint of 0.010 (Fig. 4) and of
0.011 (Fig. 5) on root nitrogen concentration. For the lower root constraint (Fig. 4), the 0.025
and 0.096 constraints give the same results in terms of timing of fertilisation.

This means that the higher leal constraint (i.e. 0.026) is not reached even when the 0.025
leaf constraint is used. More nitrogen is needed during the first part than during the second
part of the growing season to meet these two higher constraints as compared to the lower leafl
constraint {i.e. 0.020). This emphasizes the effect, of the timing of nitrogen fertilisation on the
dynamics of internal nitrogen. To reach a higher leaf nitrogen concentration it is necessary to
aclieve a higher nutrition level during the first phase of the growing season.

Although the differences between treatments (i.e. leafl constraints) are less marked for the
higher root constraint (Fig. 5}, the reverse result is obtained.

The 0.020 and 0.025 constraints give the same results while the 0.028 leal constraint is
different in terms of timing of fertilisation. This emphasizes the non-linear response of the
uptake-partitioning model when the objective function is optimized to calculate the timing of
N fertilisation.

Given two consteaints on leal N concentration (i.e. 0.020 and 0.025), the figure 6 shows the
effect of two total amounts of N fertiliser on the timing of N fertilisation, When the lower total
amount is used (i.c. 7.5 g), the two leaf constraints are only stightly different in terms of timing
of fertilisation.

At the contrary, they differ significantiy when the higher total amount of fertiliser is used
(ie. 10 g). This emphasizes the {act that the strategy of N fertiliser use is dependent on the
total amount of available fertiliser.

In terms of modeliing, $his simulation study has shown that the sarne objective functions
witly various constrainta can be meet with different ameunts of total N fertiliser. Nevertheless,
in some cases the optimization was not successiul. For instance, the two higher leaf constraints
(i.e. 0.025 and 0.028) could not be followed when the lower amount of N fertiliser was used (i.e.
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5 g). Moreover, the N concentration in the tree organs are not independent, they are coupled
through the partitioning model. For example, a high root N concentration is not possible with
a low leaf N concentration. Thus, this is to be accounted for when one is to use this simulation
techuique to optimize some actual fertilisation strategy.

The case study used here for simulation wasan hypothetical tree growing in nutrient solution.
[t is worth noting that the same madelling approach can be used for various plants even if the
partitioning model has to be adapted to the specific plant under consideration, Furthermeore,
I a ‘soil’ model is available to simulate the transfer of nitrate-nitrogen in the soil profile, the
same approach can be used with environmental objective functions, such as to calculate the
timing of fertilisation which [minimizes the leaching of nitrate under the root zone in ordet to
prevant the nitrate pollution of the ground water.
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