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A Dynamic Model for Nitrogen-stressed Lettuce
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A previously developed dynamic lettuce model, designed to predict growth and nitrate content under the normal
range of glasshouse environmental conditions, has been extended to cover high nitrogen-stress situations. Under
severe shortage of nitrogen, lettuce has been observed to grow at a very slow rate, as well as to have abnormally
low water content, low reduced-nitrogen content and negligible nitrate content. The new model mimics these
observations by adding to the original model a storage compartment for `excess' carbon. The resulting model
has three compartments: (1) `vacuole', where the soluble non-structural material is stored, and the nitrate : carbon
ratio may vary as needed to maintain a constant osmotic potential; (2) `structure', a metabolically active com-
partment with ®xed chemical composition; and (3) `excess-carbon', which serves as a long-term storage of
`waterless' carbohydrates. Simulations with the model illustrate its ability to predict the effect of light, tempera-
ture and nitrogen in the nutrient solution on the long-term growth and composition of lettuce. They also illus-
trate the effects of plant size, and the associated relative growth rate, on the characteristic times of transient
responses resulting from step changes in the environment. ã 2003 Annals of Botany Company
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INTRODUCTION

The history of mathematical modelling of lettuce goes back
at least 20 years (Sweeney et al., 1981). Since then, other
lettuce models (e.g. Seginer et al., 1991; van Henten, 1994)
have been developed to predict growth rate and to assist in
controlling the crop environment, such as in glasshouses.
These models have all assumed that water and nutrients are
abundantly available, and do not consider the non-carbon
constituents of the crop.

Many plants, including lettuce, tend to accumulate nitrate
in their vegetative tissue, particularly when carbon
source : sink activity ratio is low (e.g. in low light). Since
excessive nitrate in leafy vegetables is considered a health
hazard (Maynard et al., 1976; Walters and Walker, 1979),
the European Community imposed an upper limit on nitrate
concentration [3500 and 4500 mg (NO3) kg±1 (FM), for
summer and winter lettuce, respectively; European
Commission, 1999]. Therefore, a model to predict nitrate
content at harvest time could be a useful decision support
tool for the lettuce industry.

Nitrate is taken up by plants for two main uses: (1) as an
essential raw material, mainly for the synthesis of proteins;
and (2) as an important anion osmoticum (Mott and
Steward, 1972; MacRobbie, 1976; Clement et al., 1979).
Cell osmotic potential is maintained by a combined
contribution from shoot-produced organic compounds and
root-supplied inorganic compounds, of which nitrate is an
important constituent (Behr and Wiebe, 1988). The con-
centration of organic compounds (mainly sugars and
organic acids) in the vacuolar substrate pool (cell sap) is
the result of a balance between carbon source ¯ux due to
photosynthesis, and carbon sink ¯ux due to structural

growth and maintenance (e.g. Sweeney et al., 1981; Gary,
1988; van Henten, 1994). The rate of production of
assimilates by photosynthesis has a wide temperature
plateau (20±40 °C for soybean, Boote et al., 1998; ¯at
parabolic response, Jones and Luyten, 1998, Fig. 7) and is
mainly determined by light ¯ux and carbon dioxide
concentration. On the other hand, the rates of growth and
of respiration increase signi®cantly with temperature (Gent
and Enoch, 1983; Criddle et al., 1997). As a result, the
concentration of soluble carbon compounds decreases when
growth is source-limited (low light), and increases when it is
sink-limited.

Maintenance of a steady long-term osmotic potential
requires that changes in concentration of the organic solutes
be compensated for by opposite changes in the inorganic
solutes. Alberda (1965) described the effects of temperature
and light level in producing a negative correlation between
concentrations of total soluble carbohydrates and nitrate,
and Veen and Kleinendorst (1985) presented evidence in
support of the compensatory roles of soluble carbohydrates
and nitrate in the regulation of osmotic potential. In studies
with lettuce (Blom-Zandstra and Lampe, 1985; Behr and
Wiebe, 1988; Blom-Zandstra et al., 1988; Drews et al.,
1995), clear negative correlations have been obtained
between sugar and nitrate in the cell sap. Figure 1 shows
that the negative slopes are similar and that different sets of
data are shifted relative to each other owing to genotype
differences (Blom-Zandstra et al., 1988) and, possibly, as a
result of differences in osmotic potential and/or other
reasons.

Based on the preceding description, the `Nicolet' (NItrate
COntrol in LETtuce) simulation model has been developed
to predict growth and nitrate content of lettuce (Seginer
et al., 1998, 1999). Although the model can be used to* For correspondence. E-mail segineri@tx.technion.ac.il
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calculate continuous variations, the Nicolet project focused
on the medium- to long-term variations, hence allowing
certain simplifying assumptions, such as a constant osmotic
potential. The Nicolet model has been shown (Seginer et al.,
1998) to predict suf®ciently well the seasonal variation of
nitrate content of glasshouse lettuce (Drews et al., 1995)
grown under ordinary agricultural conditions, where crops
are not severely stressed. In many experiments, however,
nutrient stresses are purposely imposed, resulting in a
reduced growth rate, as well as in reduced nitrogen and
water contents. This has been observed in young plants in
general (e.g. Oscarson et al., 1989), and in lettuce in
particular (Burns, 1992; Buwalda and Warmenhoven, 1999;
Broadley et al., 2000). Under prolonged constant N-stress
conditions, the relative growth rate (RGR) becomes essen-
tially equal to the relative N-addition rate (RNR) (Oscarson
et al., 1989; Ingestad and AÊ gren, 1992), while the N : C ratio
of the plants becomes approximately proportional to the
RNR. Moreover, the water content decreases with increas-
ing stress in proportion to the N : C ratio (Fig. 2). The dry
matter content (DMC) of N-stressed lettuce may triple
relative to its normal range of 4±5 %.

It is possible to distinguish two stages in the development
of N-stress over the course of a typical interruption
experiment with lettuce (Burns, 1992). During the ®rst
stage, while the stress is `mild', nitrate is quickly depleted,
but reduced-N (organic-N) and water content decrease only
slightly. The nitrate removed during this stage may perhaps
be associated with `luxury consumption' of nitrogen (Justes
et al., 1994; Grindlay, 1997) in a previous period. As soon as
the nitrate is effectively depleted, the `severe' stress stage
sets in, and the reduced-N : dry-mass ratio, as well as the
water content, decrease sharply. Figure 3 shows clearly the
two stages. Initially, the nitrate concentration is high and the
DMC is `normal'. As nitrate is depleted, the dry matter
content increases by about 1 %, most of which can be

attributed to the replacement of inorganic ions with soluble
organic compounds in the osmotica pool. Note, however,
that the change in Fig. 3 is considerably smaller than that
reported, also for lettuce, by CaÂrdenas-Navarro et al. (1999,
Fig. 7). In the `severe' N-stress region, DMC increases to
more than three times the normal value, which can be seen
in Fig. 2 to be accompanied by a decrease in reduced-N
content.

The present paper describes a modi®cation of the original
Nicolet model, designed to predict the observed reduction in
RGR, N : C ratio and water content under severe nitrogen-
stress conditions. Like the original model, it describes a
single-organ crop and is based on carbon, nitrogen and
osmotica balances. The original two compartments of the

F I G . 2. Relationship between reduced-N content and water content of
lettuce, resulting from changes in nitrogen stress. Normal plants are
represented by the right-top data points (DMC = 4±5 %). Data provided
by: F. Buwalda (Aalsmeer, The Netherlands) (open diamonds and
squares); Burns, 1992 (closed circles); De Pinheiro Henriques and

Marcelis, 2000 (closed triangles).

F I G . 3. Two stages of N-stress in the course of an N-interruption
experiment with lettuce. Sequence of data points is from top to right
bottom. In the `severe' stress stage, reduced-N continues to decrease, as
seen in Fig. 2. Data provided by F. Buwalda (Aalsmeer, The

Netherlands).

F I G . 1. Negative relationships between cell-sap sugar and nitrate
concentrations in lettuce. Data from Blom-Zandstra and Lampe, 1985
(open triangles); Blom-Zandstra et al., 1988 (closed squares and
diamonds; two genotypes); Behr and Wiebe, 1992 (closed circles); ÐÐ,
best ®ts for former data; ± ´ ´ ±, Drews et al., 1995 (individual points not
shown); ± ± ± , Behr and Wiebe, 1988 (determination of this line is

explained in the Appendix).
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model are supplemented by a third one, and some other
changes are also introduced.

The next section describes the model and attempts to
justify the choices made in formulating it. The guiding line
was parsimony, namely keeping the number of in¯uencing
factors and parameters to the minimum. The description of
the model is followed by simulations that show that the
model produces sound long-term and transient results.
Fitting the model to speci®c experimental data is beyond the
scope of this paper and is addressed elsewhere (R. Linker
and I. Seginer, unpubl. res.).

MODEL

The modi®ed model is described schematically in Fig. 4 as
composed of three compartments (rectangles). The original
two compartments, labelled `structure' and `vacuole', are
similar to the `structural' and `non-structural' compartments
in many other crop models. The carbon in these compart-
ments is assumed, in the Nicolet model, to be well
correlated (positively or negatively) with nitrogen and
water. The additional `excess-carbon' (excess-C) compart-
ment holds any `excess' carbon that has no matching
nitrogen and water. Excess carbon compounds are assumed
not to contribute to osmotic potential.

The excess-C compartment is modelled with the follow-
ing simpli®ed view of the leaf in mind: when N is freely
available, leaves are of a `basic' mass-thickness and water
content, as necessary for mechanical strength and to support
the various metabolic processes, such as photosynthesis.
When growth is N-limited, `excess' carbohydrates are
stored by thickening (not expanding) existing leaves. In
reality, they may also be stored in stems and other organs.
Since the storage compounds are associated with little or no
water, both N : dry-matter and water : dry-matter ratios
decrease when plants are short of nitrogen. Leaf thickening
by `excess' carbon can also result from a high carbon
source : sink ratio.

Support for this view of leaf thickening can be found in
Grindlay (1997), who states that there is little change in
nitrogen per unit leaf area in response to availability of
nitrogen, although nitrogen-starved plants have a consider-
ably smaller N content on a dry mass basis. Alt et al. (2000;
cauli¯ower) and de Pinheiro Henriques and Marcelis (2000;
lettuce) show that leaves exposed to high light levels are
thicker (in terms of mass) than partially shaded leaves,
apparently as a result of a higher carbon source : sink ratio.
In tomato, the excess carbon, much of it in the form of
starch, is thought to be responsible for the Short Leaves
Syndrome (SLS; Nederhoff et al., 1992; de Groot et al.,
2001). No signi®cant amounts of starch have been found in
lettuce, however, even when N-stressed.

Balance equations

In accord with Fig. 4, the carbon balances of the model
are:

dMCv

dt
� FCp ÿ FCvs ÿ FCg ÿ FCm ÿ FCve � FCev �1�

dMCs

dt
� FCvs �2�

dMCe

dt
� FCve ÿ FCev �3�

where MC is the molar mass of carbon (subscript C) per unit
ground area, the subscripts v, s and e refer to the vacuole,
structure and excess-C compartments, respectively, and FC

is the molar ¯ux of carbon (all terms are de®ned in the
Appendix). Fluxes with double compartment subscripts are
between compartments (from the ®rst to the second
subscript), and the other ¯uxes, namely FCp, FCg and FCm

are the photosynthesis, growth respiration and maintenance

F I G . 4. A schematic description of the model. The three compartments and the carbon and nitrogen ¯uxes are shown. Symbols are explained in the
text.
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respiration ¯uxes (all between the `vacuole' and the
environment). These masses and ¯uxes are expected to be
non-negative. In particular, the solution should not allow a
negative MCe.

The nitrogen balances are:

dMNv

dt
� FNu ÿ FNvs �4�

dMNs

dt
� FNvs �5�

where the subscripts N and u denote nitrogen and uptake
from the nutrient solution. `Vacuolar' nitrogen is assumed
to be nitrate and `structural' nitrogen is assumed to be
reduced-N.

Compositional relationships

Two constant compositional ratios are assumed, namely
N : C in the structure, and water : structural-carbon.

MNs � rMCs �6�

V � lMCs �7�

where V is the volume of crop water per unit ground
area, and r and l denote the two proportionality
coef®cients. Both ratios are direct consequences of the
`basic' leaf concept, and together they imply a constant
reduced-N : water ratio. The latter is in agreement with
the view of Leigh and Johnston (1985, 1987), who
suggest that `tissues must have a certain nitrogen
concentration [in water]', as well as with that of
Thornton et al. (1990) and with Fig. 2.

Constant proportions are also assumed regarding two of
the ¯uxes. First, in view of eqns (2) and (5), eqn (6) implies
that

FNvs � rFCvs �8�

Secondly, growth respiration is assumed to be a constant
fraction of growth, namely

FCg � qFCvs �9�

A central element of the Nicolet model is the osmotica
balance:

bCMCv � bNMNv � lPMCs �10�

where bC and bN are the osmotic contributions of one unit of
vacuolar C or N, and P is the total osmotic potential of the
cell sap, assumed here to be constant. The latter assumption

is based on the narrow range of measured values for lettuce,
around 240 osmol m±3 (Blom-Zandstra and Lampe, 1985;
Behr and Wiebe, 1988; Blom-Zandstra et al., 1988), and on
the medium- to long-term focus of the project, namely
ignoring details of the diurnal variation. Equation (10),
which is equivalent to a straight line in Fig. 1, ensures that
the combined osmotic contribution of the vacuolar soluble
carbon compounds, MCv, and of the vacuolar nitrate, MNv,
together with other compounds that are well correlated with
them (see the Appendix, `Negative nitrate±sugar correl-
ation'), is constant.

Differentiating the osmotica balance, eqn (10), with
respect to time, and substituting from eqns (1), (2), (4), (8)
and (9), results in the ¯ux form

GFCvs ÿ bNFNu � bC�FCp ÿ FCm ÿ FCve � FCev� �11�

where

G � lP� bNr � bC�1� q� �12�

is a collection of parameters. It is assumed that the four
¯uxes on the right-hand side of eqn (11) depend only on the
shoot environment and on the state of the crop, while the
two ¯uxes on the left-hand side may also be affected by the
availability of nutrients in the nutrient solution, and hence
may have to be formulated differently for different nutri-
tional situations (abundant or limiting). Given one of the
latter two ¯uxes, the other one can be determined from the
equation. Which ¯ux is unknown depends on the nutritional
situation (to be considered below).

The overall model description is now complete. It
involves six constituents, namely MCs, MCv, MCe, MNs,
MNv and V, constrained by three inter-relationships, eqns
(6), (7) and (10). Hence, only three (six minus three) of the
®ve differential equations, eqns (1) to (5), are required for a
complete description of the model dynamics. In this study,
eqns (1)±(3) were chosen to serve as the state equations, so
that the three carbon masses MCs, MCv and MCe are the three
state variables of the model.

Nutritional situations

When nutrients are abundant, the plant takes up as much
of them as is required to match the potential carbon growth,
denoted by FCvs,A, where the subscript A indicates abun-
dant. In such a case the osmotica balance [eqn (11)]
becomes:

bNFNu � GFCvs;A ÿ bC�FCp ÿ FCm ÿ FCve � FCev� �13�

If the supply of nutrients (here nitrogen) is limiting, and the
available ¯ux is FNu,L (`L' for limiting), growth must adjust
to the limited nitrogen supply:
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GFCvs � bNFNu;L � bC�FCp ÿ FCm ÿ FCve � FCev� �14�

At any point in simulation time it is possible to decide which
one of eqns (13) and (14) is valid, by replacing the actual
¯uxes FCvs and FNu on the left-hand side of eqn (11) by the
`abundant' and `limiting' ¯uxes, FCvs,A and FNu,L. If the
resulting left-hand side is larger than the right-hand side,
namely if

GFCvs;AÿbNFNu;L > bC�FCp ÿ FCm ÿ FCve � FCev� �15�

then the instantaneous growth is N-limited [eqn (14)] and
the crop is N-stressed (the demand for nitrogen is larger than
its supply). If the opposite is true, growth is not N-limited
[eqn (13)].

Carbon ¯uxes

The various ¯uxes need now to be expressed in terms of
the state of the crop and its environment. For this purpose it
is convenient to de®ne normalized concentrations, G, for the
vacuolar material, namely

GCv � bC MCv

lP MCs

; GNv � bN MNv

lP MCs

�16�

leading to a normalized-concentration osmotica balance
[originally eqn (10)]

GCv � GNv � 1 �17�

The carbon ¯uxes on the right-hand side of eqn (11) are now
formulated as:

FCp � pfI;CCagfsfMCsgApfGCvg �18�

FCm � efTag fsfMCsg �19�

FCve � pfI;CCagfsfMCsgAvefGCvg �20�

FCev � gfTag fsfMCsgAevfGCvg�1� q� �21�

and the structural growth (leaf expansion), when nutrients
are abundant, is formulated as

FCvs;A � gfTagfsfMCsgAvsfGCvg �22�

All ®ve ¯uxes are functions of the shoot environment: light
(I), CO2 concentration (CCa) and air temperature (Ta), and of
the state of the crop, via MCs and GCv.

Each of the carbon ¯uxes is written as a product of several
factors. The ®rst, indicating the potential ¯ux, is a function
of the environmental conditions, the second is a function of
the size of the crop and the third is an attenuation factor,
which is a function of some process inhibition, which in turn
depends on the vacuolar composition, via GCv. The factor
(1 + q) in FCev is intended to recover material for both
growth and growth respiration.

The ®rst factor, namely the potential ¯uxes of gross
photosynthesis, maintenance respiration and growth are
formulated, respectively, as:

pfI;CCag � eIsCCa

eI � sCCa

�23�

efTag � k expfc�Ta ÿ T��g �24�

and

gfTag � vefTag �25�

where e, s, k, c and n are constant coef®cients (parameters
of the model) and T* is an arbitrary reference temperature.

The gross photosynthesis rate (corrected for photorespira-
tion), eqn (23), is modelled as a simpli®ed two-substrate
(light and CO2) Michaelis±Menten equation (Thornley and
Johnson, 1990, p. 225). The exponential dependence of
respiration on temperature in eqn (24) (Criddle et al., 1997),
not valid for high temperatures (above the optimum), is
assumed to be the same for maintenance and growth, since
the distinction between the two types of respiration is not so
clear (Cannell and Thornley, 2000).

The second factor, the dependence on crop size, is the
same for all ®ve ¯uxes [eqns (18)±(22)], and has the form:

ffMCsg � 1ÿ expfÿaMCsg �26�

It approaches 1 asymptotically, and is commonly used in
photosynthesis calculations to describe light interception in
canopies (van Keulen et al., 1982; Thornley and Johnson,
1990, chapter 10). However, its presence in the growth and
maintenance terms requires some justi®cation. Following
Seginer et al. (1994), the main reasons for its inclusion in
the growth (and growth respiration) terms are: (1) sink
strength (number of growth points) approaches a limit as the
canopy closes; and (2) buffers, here in the `vacuole', are
only useful if, on average, the ¯ows in and out of them
maintain a certain balance. If growth was to be made
proportional to, say, MCs, carbohydrate sink strength would
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grow inde®nitely, while the photosynthetic activity (carbo-
hydrate source) remained limited by light interception,
ffMCsg. Applying the same asymptotic approach to main-
tenance respiration follows the suggestion of Barnes and
Hole (1978) to make maintenance respiration proportional
to the plant protein content, which is concentrated in the
sunlit portions of the canopy (Grindlay et al., 1995; Alt et al.,
2000). Furthermore, McCree (1983) found experimentally
that respiration rate is proportional to the protein content of
plants, rather than to their total biomass, and that `the
maintenance requirement [coef®cient] decreases with
decreasing [relative] growth rate of the plant' (McCree,
1982).

The third factor represents an attenuation, which is a
function of carbon-¯ow limitations, either into the
vacuole, hp, or into the structure, hg. The attenuation
functions are:

Ap � hpfGCvg � �1ÿ hpfGCvg�x �27�

Ave � �1ÿ hpfGCvg�x �28�

Aev � �1ÿ hgfGCvg�x �29�

Avs � hgfGCvg �30�

and the limitation functions hp and hg are:

hpfGCvg � 1

1� 1ÿ bp

1ÿ GCv

� �sp
�31�

hgfGCvg � 1

1� bg

GCv

� �sg
�32�

where 0 < x < 1, 0 < bp < 1, 0 < bg < 1, sp > 0 and sg > 0
(Fig. 5). The in¯ow limitation, hp, protects the vacuole from
carbon over-spilling and the out¯ow limitation, hg, protects
it from carbon over-draining. These ¯ow limitations equal
0´5 where GCv = b, the slope at that point being determined
by s. A very high value of s results in a step at GCv = b. The
in¯ow limitation, hp, approaches zero as the `vacuole'
approaches saturation with carbon compounds (GCv ® 1)
and increases asymptotically to 1 (no limitation) when the
vacuole becomes depleted of carbon (mathematically, when
GCv ® ±`). The behaviour of hg is qualitatively a mirror
image of that of hp (Fig. 5).

A fraction x of the difference between the photosynthetic
potential (= 1) and hp, namely Ave = x (1 ± hp), is diverted to
the excess-C compartment [eqn (20)], and the rest is
inhibited (not produced; Foyer, 1988; Thornley, 1997). This
is illustrated in Fig. 5, where Ave = Ap ± hp (namely 1 ± Ap is
not produced). Figure 5 also shows that ¯ow in and out
of the excess-C compartment is restricted to extreme
situations.

If x is zero, the ¯uxes associated with the excess-C
compartment (FCev and FCve) vanish, and the model reverts
to its original form (Seginer et al., 1998; without excess-C
compartment). Hence the original model, which can only
mimic lettuce under a mild nitrogen stress, is a special case
of the new model.

Nitrogen uptake

The actual uptake of nitrogen, FNu, is formulated as the
smaller of (1) the supply rate, controlled by the availability
of N; and (2) the demand of the plant [eqns (14) and (13)].
The former is formulated, similarly to the carbon ¯uxes, as a
product of a potential uptake rate and an effective crop size,
namely

FNu;L � ufCNn; TngffMCsg �33�

It is a function of the nitrate concentration and the
temperature of the nutrient solution (CNn and Tn) as well
as of the size of the crop (MCs). Note that making all ¯uxes
proportional to the same function of crop size, ffMCsg,
ensures a crop composition that is age- (size-) invariant
under constant environmental conditions. It also has the
advantage of simplifying certain equation manipulations.
However, this simplifying assumption is justi®ed only for
young (vegetative) crops.

The potential uptake rate is formulated as a single-
substrate (CNn) Michaelis±Menten process:

ufCNn; Tng � f
CNn

K � CNn

efTng �34�

F I G . 5. Typical forms of the attenuation functions. Parameter values for
this illustration where chosen for clarity. Symbols are explained in the

text.

628 Seginer Ð Model for Nitrogen-stressed Lettuce



where f and K are constant coef®cients (Raman et al.,
1995).

Parameters

The description of the model mechanics is now essen-
tially complete. The model has 19 parameters in total, which
may be grouped as follows: a is associated with the size of
the crop; e and s are associated with photosynthesis; f and
K are associated with nitrogen uptake; q, v, k and c are
associated with respiration and growth; bC, bN, P, l and r
are associated with the internal composition of the crop; and
bp, sp, bg, sg and x are associated with the attenuation
functions.

SIMULATIONS

Conversion between model states and experimental
observations

Before illustrating the behaviour of the model with sample
simulations, it is necessary to devise a conversion procedure
between the states of the model and the experimental
measurements. Experimental results are often reported (e.g.
Figs 2 and 3) in terms of: (1) fresh mass per plant, WF; (2)
dry mass per plant, WD; (3) molar nitrate content on a dry
mass basis, Cnit-N; and (4) molar total-N content on a dry
mass basis, Ctot-N. The last two measurements can be used to
calculate the molar reduced-N content, via

Cred-N � Ctot-N ÿ Cnit-N �35�

These data can be used to estimate the state variables of
the model as follows. The water content is ®rst determined
from

P�WF ÿWD� � rV �36�

where P is the number of plants per unit ground area and r is
the density of water. Combining this with eqn (7), the
carbon content of the structure is obtained

MCs � P�WF ÿWD�
rl

�37�

From the de®nition of Cnit-N,

MNv � PWDCnit-N �38�

and from the osmotica balance, eqn (10),

MCv � lP
bC

MCs ÿ bN

bC

MNv �39�

Assuming that all carbon compounds have a composition
similar to carbohydrates, dry mass may be expressed as:

PWD � hC�MCs �MCv �MCe� � hNMNv �40�

and hence

MCe � PWD ÿ hNMNv

hC

ÿ �MCs �MCv� �41�

where hJ is the conversion constant between J and dry mass.
This completes the determination of the state vector [MCs,

MCv, MCe] from the measured values, a procedure that does
not require the measured total-N. The reduced-N content,
Cred-N, may be used to evaluate r from eqn (6), if so desired.
The inverse conversion, from the simulated states to the
measurable quantities, utilizes the same equations in
reverse.

Sample simulations

Figure 6 shows the results of eight sample simulations
with the model, utilizing the parameter set given in the
Appendix (`Parameter values'), which is based on ®ttings to
experimental results. In particular, note that the attenuation
parameters are not the same as in Fig. 5, where clarity
required a lower value of bp. Utilizing eqns (35)±(41), the
simulation results are expressed in terms of measurable
quantities, for easy comparison with Figs 2 and 3 and other
experimental results. Each column of frames in Fig. 6
represents one simulation (one case). In each column, the
frames, from top to bottom, show values of WD, WF, WD/WF,
Cnit-N and Cred-N; WD/WF being the dry matter content
(DMC). All results are for a period of 60 d, from (virtual)
transplanting, 20 d after (virtual) sowing (DAS), to (virtual)
harvest at 80 DAS. A 12 h/12 h light/dark period is assumed.
A summary of the environmental conditions for each of the
eight cases is presented in Table 1.

Case 1 is the reference for comparisons. It simulates a
lettuce crop growing under constant environmental condi-
tions with an abundant supply of nutrients. The environment
is such that ¯ux attenuation is minimal (within the plateau of
Fig. 5), resulting in a mean nitrate concentration equivalent
to GCv � 0´6 As seen from the traces of WD (logarithmic)
and WF (linear), exponential growth continues for less than
20 d, while the growth over the last 40 d is essentially linear,
indicating canopy closure at around 40 DAS. The compos-
ition of the crop (DMC, Cnit-N and Cred-N) is essentially
constant on a daily time scale, with considerable intra-day
¯uctuations only for Cnit-N. The Cnit-N ¯uctuation amplitude
is a measure of the relative growth rate. Initially, while the
crop grows exponentially, RGR is large (about 30 % d±1)
and constant. As the canopy closes and the RGR decreases
to a few per cent per day, the ¯uctuations become
negligable.

Cases 2 and 3, still for constant environmental conditions,
show the expected effect of raising or lowering the
temperature, respectively, by 10 °C. Increasing the tem-
perature increases the growth rate considerably (seen best in
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terms of fresh mass; case 2), mainly by reducing the
residence time of carbohydrates in the vacuole. If carbohy-
drates are transferred quickly into the structure, they
contribute to early leaf expansion and hence to added
photosynthesis and further structural growth. The conse-
quence of carbohydrate removal from the vacuole is a high
nitrate concentration, as dictated by the osmotica balance
[eqn (10)].

Case 3, for a reduced temperature, is essentially a mirror
image of case 2. The effects are somewhat more pronounced
(in the opposite direction) since the reference situation
(case 1) is not symmetrical with respect to the range of GCv.
The ranges of dry matter content and nitrate content
between case 2 and case 3 match the range of `mild' stress
of Fig. 3, although the direct cause in the simulation is not a
shortage of nitrogen. This should emphasize the point that
structural growth reduction, for any reason, would result in a
carbon-saturated vacuole and a low nitrate concentration.
The decrease of reduced-N content in case 3 re¯ects the
increase in DMC.

Case 4 shows the result of switching from the conditions
of case 1 to those of case 3 at 40 DAS. There are no surprises
here: the ®nal yield is reduced less than in case 3 and the
®nal composition is essentially the same as in case 3. Note,
however, the longer transient period for nitrate adjustment:
it was 1 d in case 3, and 5 d in case 4, demonstrating, once
again, the effect of RGR on the dynamics of the system.

The effect of lowering the light level at 40 DAS is
explored in case 5. The effect on production is similar to that
of case 3, except that here the limiting factor is light rather
than temperature. The effects on the composition are,
however, in the opposite direction.

Case 6 is the ®rst really drastic (virtual) treatment that
drives the system deeply into the `severe' stress region of
Fig. 3. At 40 DAS the nitrate supply is abruptly terminated
and structural growth, as re¯ected in fresh mass accumu-
lation, ceases almost immediately. Dry matter continues to
accumulate at a slower rate (in comparison with case 1), by
storing carbohydrates in the `dry' excess-C compartment.
This is re¯ected in the very considerable linear increase of

DMC and in its inverse effect on the reduced-nitrogen
concentration, in agreement with Figs 2 and 3. Nitrate is
depleted (from the vacuole) within 4 d. From the commer-
cial point of view this crop is, of course, worthless.

What would happen if the instant of N-interruption is
delayed? Case 7 shows the result of interruption at 60 DAS.
First note that the time required for nitrate depletion is now
12 rather than 4 d, again in accord with the change in RGR.
This delays the severe stress, and hence the complete
cessation of growth, by about 10 d. The accumulation of
carbohydrates in the excess-C compartment starts at the
termination instance, as indicated by the DMC and reduced-
N traces. The lesser slopes of these two traces, compared
with those in case 6, are due not to a smaller absolute ¯ux
into the excess-C compartment, but to a four-fold larger
crop at 60 DAS compared with that at 40 DAS.

Finally, the model predicts that a considerable accumu-
lation of material in the excess-C compartment is possible
even if N nutrition is not limiting, provided that the carbon
source : sink ratio is very large (such as in Nederhoff et al.,
1992). This has been produced in case 8 by high light and
low temperature. While case 8 is similar in its general trends
to case 6, there are considerable qualitative differences,
resulting from the fact that in case 8 the crop continues to
grow, albeit at a low rate, which is dictated by the low
temperature.

DISCUSSION

General model characteristics

The model was designed to simulate the behaviour of a
lettuce crop subjected to severe nitrogen stress. Its bio-
logical justi®cation is rather sketchy, but the main processes
are represented and simulation results seem to mimic
qualitatively the experimental evidence (e.g. Figs 2 and 3).
The model contains two uncommon elements: an osmotica
balance (in the `vacuole') and an excess-carbon compart-
ment. Loosely speaking, the former controls the balance
between nitrate and soluble carbon compounds, and the
latter controls the balance between reduced-nitrogen and

TABLE 1. Environmental conditions for the simulations reported in Fig. 6

Case 1
(Reference)

Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Period I II I II I II I II I II I II I II I II
Change time (DAS) No change No change No change 40 40 40 60 40
Light integral [mol (PAP) d±1] 12 12 12 12 12 12 12 12 12 6 12 12 12 12 12 22
Day temperature (°C) 20 20 25 25 15 15 20 15 20 20 20 20 20 20 20 5
Night temperature (°C) 15 15 20 20 10 10 15 10 15 15 15 15 15 15 15 5
Nitrate A A A A A A A A A A A 0 A 0 A A

Periods I and II are before and after an environmental step change. Nitrate is either abundant (A) or absent (0) in the nutrient solution. Figures in
bold indicate changes from case 1 (reference).

F I G . 6. Simulation results. Each column of frames represents one 60-d simulation, from (virtual) transplanting to (virtual) harvest. The rows of
frames, from top to bottom, show values of WD, WF, DMC, Cnit-N and Cred-N. The environment is either constant or a step function. Symbols are

explained in the text and details of treatments are in Table 1.
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total carbon. The excess-carbon compartment is only
necessary under severe N-stress conditions or under a high
carbon source : sink ratio.

Two ¯uxes are driven by external substrate concentra-
tions: photosynthesis, p, and nitrogen uptake, u [eqns (23)
and (34)]. Unlike other models (Burns, 1994; Thornley,
1997), the internal ¯uxes are driven by availability of
substance rather than by concentration gradients. Passive
processes are more naturally associated with concentration
gradients, while active processes are associated with
`demand' and `supply'. In this respect, the present model
leans towards the active view.

The model does not treat carbon assimilation and nitrogen
uptake symmetrically. Carbon may be assimilated `in
excess', while nitrogen is taken up `as needed' for structural
growth and osmotica balance. From this point of view there
is no truly `luxury consumption' of nitrogen.

The role of x
Physiologically, the parameter x (0 < x < 1) deter-

mines how much of the excess photosynthetic capacity
(beyond the supply for leaf expansion) is prevented from
being materialized, and how much is in fact produced,
but diverted to the excess-C storage compartment. It is
likelyÐand ®tting studies (R. Linker and I. Seginer,
unpubl. res.) have shownÐthat the value of x is
somewhere around 0´5 (simulations in this paper assumed
x = 0´4). In a future re®nement, x may be made a
function of the thickness of the leaves, such that when
the leaves are `suf®ciently' thick, the production of all
excess carbon is stopped. A possible formulation is:

x � 1ÿ z�MCe=MCs� �42�

where x approaches zero as MCe/MCs approaches 1/z. Since,
from Fig. 2, the highest value of (MCs + MCv + MCe)/
(MCs + MCv), in the bottom-left, is more than 4 (compared
with the `normal' points in the top-right), z might be around
1/4.

`Mild' and `severe' N-stress

Figure 3 has been used to illustrate the `stages' (in an
interruption experiment) or `ranges' (in constant envir-
onment experiments) where N-stress is considered to be
`mild' or `severe'. `Severe' stress starts when essentially
all the removable nitrate has been depleted. In view of
the photosynthesis limitation function hp (Fig. 5), deple-
tion to below GNv � 1ÿ GCv � 1ÿ bp is very dif®cult.
Hence, the data of Fig. 3 suggest a value of bp that is
very close to 1 (unlike in Fig. 5). In the simulations,
therefore, bp = 0´97.

Characteristic times

The simulations demonstrate the effect of the size of the
crop on its transient behaviour. While the crop is small and

grows exponentially at a high RGR, its compositional
response is fast. This is re¯ected in the high daily amplitude
of Cnit-N (and of the complementing soluble carbon
compounds) and in the fast transition at 40 DAS. As the
canopy closes, RGR declines, accompanied by smaller
amplitudes and slower transitions.

To test these qualitative predictions, frequent measure-
ments are required, but these are rare. However, on the
assumption that the predictions are correct, the practical
conclusions might be as follows: (1) there is no preferred
harvest hour (e.g. afternoon) for mature lettuce, since the
¯uctuations in nitrate concentration at the time of harvest
are small; and (2) if a corrective measure (supplementary
light, N interruption) is to be taken to reduce nitrate
concentration just before harvest, it should be started
approx. 1 week prior to the expected harvest time.

Nutrient-limitation experiments

Two nutrient limitation treatments are often reported:
(1) a `steady-state' treatment, where only a (constant)
fraction of the crop's demand (namely of FCvs,A) is
provided (e.g. Ingestad and Lund, 1979); and (2) an
`interruption' treatment (e.g. Burns, 1992) where, at a
certain time, the nutrient supply is terminated. Since the
steady-state treatment normally starts only after a period
of abundant nutrient supply, the interruption treatment is,
in fact, a special case of the steady-state treatment.
Ingestad-type experiments exhibit a `lag phase' (namely a
transient) before growth becomes `steady state' (constant
composition) again. This `lag phase' is longer the larger
the step between the pre-treatment nutrient level and the
level imposed by the treatment. This also applies to non-
nutrient treatments. In the simulations, case 4 represents
a `mild' treatment, where the transient is less than 10 d,
while case 8 represents a more `extreme' treatment,
where the transient is longer than 20 d. The drastic
treatment of complete nutrient withdrawal (`interruption';
case 6) results in an in®nite transient.

CONCLUSIONS

The modi®ed model, with the excess-carbon compartment
added, is capable of predicting, at least qualitatively, the
nitrate and nitrogen content of lettuce, not only under mild
N-stress conditions (leading to low nitrate content), but also
under severe N-stress. It has been formulated to agree with
the observed (for lettuce) compositional relationships of
Figs 1 and 2, and it can predict common observations for
young (vegetative) plants. Since good short-term data are
not available, the fast (diurnal) response of the model could
not be tested. It was also not possible to ®nd lettuce data for
high-light and low-temperature conditions, such as simu-
lated in case 8. Otherwise, however, simulation results agree
with the experimental evidence, mainly of N interruption
experiments, and in particular with Figs 2 and 3. The model
has been ®tted successfully to several sets of experimental
data (not shown here). However, each ®tting resulted in a
somewhat different parameter set. At least some of this lack
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of robustness may be attributed to cultivar differences and to
different measurement techniques.
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APPENDIX

Negative nitrate±sugar correlation from Behr and Wiebe
(1988)

Table 2 of Behr and Wiebe (1988) shows the contribution of
soluble organic compounds, and of inorganic cations and
anions, to the total osmotic potential in the cell sap of
lettuce. K+ and H2PO4

± were found to be positively
correlated with nitrate NO3

±, while Cl±, Ca2+, Mg2+, malate
C4H6O5, fructose (CH2O)6 and glucose (CH2O)6 were
negatively correlated. The concentration in the sap of NO3

±

was 76´1 mol (N) m±3 and that of the sugars was
13´4 mol (C) m±3. The osmotic contributions of all the
compounds were calculated from the measured concentra-
tions, and those positively and negatively correlated with
NO3

± separately added up to 387 kPa and 132 kPa,
respectively. The concentrations of nitrate and sugar
required to produce the total osmotic potential,
519 kPa, assuming linear contributions, are 102 mol (N) m±3

(= 76´1 3 519/387) and 53 mol (C) m±3 (= 13´4 3 519/387).
These two numbers are the intercepts of the dashed line on
the axes of Fig. 1.

TABLE 1A. Parameter values

Value Units

Core model parameters
Crop size

a 1´7 m2 (ground) mol±1 (C)
Photosynthesis

e 0´03 mol (C) mol±1 (PAP)
s 6´0 3 10±3 m s±1

Nitrogen uptake*
f 12 mol (N) mol±1 (C)
K 0´1 mol (N) m±3 (H2O)

Respiration
q 0´3 ±
v 9´5 ±
k 0´25310±6 mol (C) m±2 (ground) s±1

c = 0´0693² K±1

T* = 20 °C
Crop composition

bC 0´6 m3 (H2O) kPa mol±1 (C)
bN 6´0 m3 (H2O) kPa mol±1 (N)
P 580 kPa
l 0´0009 m3 (H2O) mol±1 (C)
r 0´16 mol (N) mol±1 (C)

Attenuation
sp 10 ±
sg 10 ±
bp 0´97 ±
bg 0´2 ±
x 0´4 ±

Conversion parameters
hC 0´03 kg (DM) mol±1 (C)
hN 0´10 kg (DM) mol±1 (N)
r 1000 kg (H2O) m±3 (H2O)
P 25 plant m±2

* The parameters f and K were not actually used in the simulations in
this paper, since N supply was either abundant or zero.

² c = 0´0693 K±1 is equivalent to the common value Q10 = 2, meaning
a doubling of respiration for every 10 K temperature increase.
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TABLE 1B. Notation

Symbol De®nition Unit

Main symbols
a Light extinction coef®cient m2 (ground) mol±1 (C)
bg Growth limitation border ±
bp Photosynthesis limitation border ±
CJj Concentration of substance J in compartment j mol (J) m±3

CJ Content of substance J mol (J) kg±1 (DM)
C Exponent in respiration equation K±1

E{Tj} Maintenance respiration rate of a closed-canopy crop mol (C) m±2 (ground) s±1

FCg Growth respiration rate mol (C) m±2 (ground) s±1

FCm Maintenance respiration rate mol (C) m±2 (ground) s±1

FCp Gross photosynthesis rate mol (C) m±2 (ground) s±1

FJij Flux of substance J from compartment i to compartment j mol (J) m±2 (ground) s±1

f{MCs} Fraction of light intercepted by canopy ±
g A collection of parameters m3 (H2O) Pa mol±1 (C)
G{Tj} Unattenuated growth rate of a closed canopy mol (C) m±2 (ground) s±1

hg{GCv} Growth limitation function (hg = 1 when no limitation) ±
hp{GCv} Photosynthesis limitation function (hp = 1 when no limitation) ±
I Light intensity mol (PAP) m±2 (ground) s±1

K Maintenance respiration rate at T = T* mol (C) m±2 (ground) s±1

K Michaelis±Menten coef®cient for N uptake mol (N) m±3 (H2O)
MJj Molar mass of substance J in compartment j mol (J) m±2 (ground)
p Plants per unit ground area plant m±2

P{I,CCa} Unattenuated gross photosynthesis of a closed canopy mol (C) m±2 (ground) s±1

r N : C ratio in structure mol (N) mol±1 (C)
sg Growth limitation slope ±
sp Photosynthesis limitation slope ±
Tj Temperature of compartment j K
T* Reference temperature K
t Time s
U{CNn,Tn} Uptake rate of nitrogen by a closed canopy mol (N) m±2 (ground) s±1

V Volume of water m3 (H2O) m±2 (ground)
W Weight of plant kg per plant
q Osmotic potential associated with one unit of vacuolar J m3 (H2O) Pa mol±1 (J)
GJv Normalised J-concentration in vacuole ±
e Photosynthetic ef®ciency mol (C) mol±1 (PAP)
z An alternative to x ±
hJ Conversion factor; dry matter to substance J kg (DM) mol±1 (J)
q Growth respiration as fraction of growth ±
l Volume of water associated with one unit of structural C m3 (H2O) mol±1 (C)
n Ratio g{t}/e{t} ±
x Partitioning parameter ±
P Osmotic potential in vacuole Pa
r Density of water kg (H2O) m±3 (H2O)
s Leaf conductance to CO2 m s±1

f Nitrogen uptake ef®ciency mol (N) mol±1 (C)
Subscripts

Compartments
a Ambient air
e Excess carbon
i,j General compartment indices
n Nutrient solution
s Structure
v Vacuole

Substances
C Carbon
D Dry matter
F Fresh matter
I,J General substance indices
N Nitrogen
nit-N nitrate N
red-N reduced N
tot-N total N

Nutritional situations
A Abundant N
L Limiting N

Acronyms
DMC Dry matter content
FM Fresh matter
PAP Photosynthetically active photons
RGR Relative growth rate
RNR Relative nutrient addition rate

±, Indicates dimensionless quantities.
{}, Used exclusively to contain the arguments of functions.
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