
Abstract. We present a theory describing how the d15N
values of the nitrogen (N) pools in a vascular plant
depend on that of its source N (nitrate), on 15N/14N
fractionations during N assimilation, and on N trans-
port within and N loss from the plant. The theory allows
measured d15N values to be interpreted in terms of
physiological processes. The d15N values of various N
pools are calculated using three rules: (1) when a pool
divides without transformation, there is no change in the
d15N values of the N entering the resulting pools; (2)
when nitrate is assimilated by nitrate reductase, the d15N
values of the resulting pools (product and residual
substrate) are described by a Rayleigh equation; (3)
when two N pools mix, the d15N value of the mixture is a
weighted average of the d15N values of the component
pools. The theory is written as a spreadsheet and solved
numerically. Potentially, it has multiple solutions. Some
contravene physiological reality and are rejected. The
remainder are distinguished, where possible, using addi-
tional physiological information. The theory simulated
independent measurements of d15N in N pools of
Brassica campestris L. var. rapa (komatsuna) and
Lycopersicon esculentum Mill. cv. T-5 (tomato).

Key words: 15N/14N ± Nitrate assimilation ± Nitrogen
isotope fractionation

Introduction

There is considerable genotypic and environmental
variation among the d15N values of whole plants, plant

parts and their constituent nitrogen (N) pools (Handley
and Scrimgeour 1997). Variations in d15N values of
leaves or whole plants have often been thought to re¯ect
the chemical sources of N used by those plants, i.e. 15N
natural abundances have been assumed to be reliable
tracers of N pools. However, it is now clear that 15N is
usually a poor natural tracer of N pools. One reason for
this is that the d15N values of potential N sources
probably overlap, varying temporally and spatially in
unknown ways.

Evidence that variations in plant d15N values re¯ect
something more than the d15N values of their N sources
comes from experiments in which di�erent plants are
grown on the same N source. The d15N values of the
roots and shoots of such plants may be very di�erent.
The d15N of their total N may di�er from the d15N of the
source. This was found by Mariotti et al. (1982),
Yoneyama et al. (1991) and Evans et al. (1996) in
Pennisetum spp. (pearl millet), Oryza sativa L. (rice) and
Lycopersicon esculentum Mill. (tomato), respectively.
Sometimes, there is no di�erence in d15N between a
plant and its N source. This was found for Brassica
campestris L. (komatsuna) by Yoneyama and Kaneko
(1989). Environmental factors may in¯uence the d15N
values of plants even though the d15N value of the source
N is constant. This has been observed in Hordeum
vulgare L. (cultivated barley) and H. spontaneum
C. Koch (wild barley) subjected to salinity (Handley
et al. 1997). None of these observations can be explained
by a simple N-source model.

A more realistic and inevitably more complex view is
now emerging. It is that plant d15N values re¯ect
interactions between N sources and metabolic 15N/14N
fractionations. The d15N values of N sources, the e�ects
of metabolic processes on d15N values, and the relative
in¯uences of source and metabolism on a plant's d15N
value may all vary. The relation between a plant's d15N
value and that of an external N source may, therefore, be
complex and non-intuitive. A plant's d15N value is
ultimately some function of all the source and metabolic
e�ects to which its N pools have been subjected, i.e. it is
a time- and mass-weighted average. Previously, this
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function was largely implicit (see Handley and Scrimge-
our 1997). Attempts to make it more explicit (e.g.
Mariotti et al. 1982) considered only the in¯uences of the
d15N value of source N and 15N/14N fractionations
occurring during the assimilation of that N. The
transport of N within plants and losses of N from them
were ignored. Here, we describe a theory describing how
the d15N value of a plant and its N pools depend on all
of these factors.

Description of the theory

Background. There are several reasons why d15N values
of N pools in vascular plants vary. (1) Plants growing in
soil have access to many N sources (nitrate, ammonium,
organic N, N2 in the case of species symbiotic with
diazotrophic prokaryotes). (2) These sources vary in
amount, and in 15N/14N composition, both of which
may be in¯uenced by the plants themselves. (3) The

acquisition of N by plants is often mediated by
microbes, e.g. mycorrhizal fungi. (4) Nitrogen acquisi-
tion may involve the partial removal of available N from
soil close to root surfaces, so altering its e�ective
concentration at the point of uptake. (5) Assimilated N
e�uxed from roots may change the d15N value of plant-
available N in the soil. (6) Sites of 15N/14N fractionation
during N assimilation may be in roots, shoots or both,
depending on species, environmental conditions and N
source. (7) Nitrogen may, to some extent, remain
unassimilated and mix with N in pools that have been
subjected to some 15N/14N fractionation during assimila-
tion. (8) Assimilated Nmay be transported between roots
and shoots, so that products of one assimilation eventmay
become mixed with others of di�erent d15N value.

Here, we concentrate on plant processes (i.e. 6±8 in the
above list), which do not involve soil. Process 5 is included
insofar as N e�ux in¯uences plant d15N values, but it is
assumed not to alter those of soil N pools.We assume that
the plant has access to only one external N source, nitrate.

Structure. The d15N values of N pools are assumed to
vary according to three rules. (1) When a pool divides
without transformation, there is no change in the d15N
values of the N entering the resulting pools. This re¯ects
there being negligible 15N/14N fractionation during

Fig. 1. Structure of the theory. Each box represents a pool of N. It
contains: a description of the pool; the fraction of the preceding
pool that has entered the current one; the amount of N in the
current pool and how it is calculated; the d15N value of the pool and
how it is calculated. Symbols are de®ned and the equations are listed
in Table 1
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transport among pools (Handley and Raven 1992). (2)
When nitrate is assimilated by nitrate reductase (NR),
the d15N values of the resulting N pools (product and
residual nitrate) are described by a Rayleigh equation
(see below). (3) When two pools mix, the d15N value of
the mixture is a weighted average, i.e. an isotope mass
balance (Handley and Scrimgeour 1997), of the d15N
values of the component pools.

Thirty sets of equations (shown diagramatically in
Fig. 1, and listed in Table 1) describe the application of
these rules as N is absorbed, assimilated and transported
within a plant. These equations calculate the sizes and
d15N values of the resulting N pools. From these, mean
d15N values of roots, shoots and the whole plant are
calculated as weighted averages.

Table 1. De®nition of the symbols and a listing of the equations used in the 30 boxes of Fig. 1. Upper case Italic and Greek symbols (A, G,
etc.) are the sizes (mol) of N pools. Lower case Italic symbols (a, b, etc.) are variable fractions of N pools transferred to other pools. Symbols
including ``d'' are the d15N values (&) of the N pools

Box Description Fraction N (mol) d15N (&)

1. nitrate absorbed 1 A dA
2. nitrate at root NR a B = aA dA
3. unassimilated nitrate in root 1 ) a C = (1 ) a)A dA

4. N assimilated in root b D = bB dD � BdA ÿ EdE

D

5. residual nitrate in root 1 ) b E = (1 ) b)B dE � dA

103
� 1

� �
�1ÿ b� 1

aÿ1� � ÿ 1

� �
� 103

6. total nitrate in root 1 F = C + E dF � CdA � EdE

F7. nitrate retained in root 1 ) c H = (1 ) c) F dF
8. nitrate e�uxed c G = cF dF

9. total organic N in root 1 V = D + T (t)1) dV �t� �
DdD � T�tÿ1�dC�tÿ1�

V10. organic N exported to shoot i F = iV dV(t)
11. organic N retained in root 1 ) i L = (1 ) i )V dV(t)
12. organic N e�uxed h Z = hL dV(t)
13. organic N stored in root 1 ) h O(t) = (1 ) h) L dV(t)

14. organic N accumulated in root 1 O = O(t) + O(t)1) dO �
O�t�dV �t� � O�tÿ1�dV �tÿ1�

O
15. nitrate stored in root 1 ) d K(t) = (1 ) d)H dF

16. nitrate accumulated in root 1 K = K(t) + K(t)1) dK �
K�t�dK�t� � K�tÿ1�dK�tÿ1�

K

17. total N in root 1 X = K + O dX � KdK � OdO

X
18. nitrate exported to shoot d J = dH dF
19. nitrate at shoot NR e L = eJ dF
20. unassimilated nitrate in shoot 1 ) e M = (1 ) e)J dF

21. N assimilated in shoot f P = fL dP � LdF ÿ QdQ

P

22. residual nitrate in shoot 1 ) f Q = (1 ) f )L dQ � dF

103
� 1

� �
�1ÿ f � 1

aÿ1� � ÿ 1

� �
� 103

23. total nitrate in shoot 1 U(t) = M + Q dU�t� � MdF � QdQ

U�t�

24. nitrate accumulated in shoot 1 U = U(t) + U(t)1) dU �
U�t�dU�t� � U�tÿ1�dU�tÿ1�

U

25. total organic N in shoot 1 G = P + F dC�t� � PdP � UdV

C
26. organic N stored in shoot 1 ) g S(t) = (1 ) g)G dG(t)

27. organic N accumulated in shoot 1 S = S(t) + S(t)1) dS �
S�t�dS�t� � S�tÿ1�dS�tÿ1�

S
28. organic N exported to root g T(t) = gG dG(t)

29. total N in shoot 1 W = S + T(t) + U dW �
SdS � T�t�dC�t� � UdU

W

30. total N in plant 1 Y = W + X dY � W dW � XdX

Y
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Each box in Fig. 1 represents a pool of N and
contains four items: (1) a description of the pool; (2) the
fraction of the preceding pool that has entered the
current one; (3) the amount of N in the current pool and
how it is calculated; (4) the d15N value of the pool and
how it is calculated (see also Table 1). Flows from pools
are assumed to be, at most, dichotomous, i.e. N in any
pool has only one or two immediate destinations. Where
two destinations are possible, de®ning how much goes to
one pool, also de®nes the amount which goes to the other.

The plant's nitrate source has a ®xed d15N value, dA
(box 1, Fig. 1; Table 1). A moles of it are absorbed in
each time step, t. Nitrate absorbed by roots has two
immediate fates. It may reach sites of NR in roots (box 2)
or it may not (box 3). Root nitrate is a mixture (box 6) of
that in box 3 and any nitrate which reaches root NR, but
which, during the time interval t, remains unreduced
(box 5). Root nitrate is liable to be e�uxed from the root
(box 8), exported to the shoot via xylem transport (box
18) or stored in the root cells, mainly in vacuoles (box 15).

When a substrate is converted into a product during
an enzyme-catalyzed reaction, the d15N values of both
can be described by a Rayleigh equation (Mariotti et al.
1981, 1988; Hoefs 1987, p. 11). For example, when
nitrate is reduced by NR in roots, the d15N value (dE) of
the substrate remaining after a fraction b of the substrate
pool has been assimilated is given by:

dE � dA

103
� 1

� �
�1ÿ b� 1

aÿ1� � ÿ 1

� �
� 103

In box 5, the term ``Rayleigh fdA; �1ÿ b�g'' is shorthand
for the above equation, dA and (1 ) b) being the inputs
appropriate for nitrate reduction by root NR. a is the
ratio of the rate constant for 14N-nitrate reduction to
that for 15N-nitrate reduction (see Handley and Raven
1992). The d15N value (dD) of the N assimilated via root
NR is calculated by an isotope mass balance (box 4).
(Alternatively, dD could be calculated directly by an
equation equivalent to that shown above: Hoefs 1987,
p. 11). Similar logic is applied to N assimilation in shoots
(boxes 21 and 22, Table 1), with appropriate inputs.

Strictly, a Rayleigh equation describes isotopic chan-
ges in ``closed'' reactions where a ®nite supply of
substrate is consumed and a product accumulates. Its
use here assumes that, in the limit, nitrate reduction
occurs as a closed reaction during a single, discrete time-
step, t. No new substrate enters the pool being reduced,
and reduced N and unreduced nitrate do not move into
other pools. Integrated over many such time steps,
however, the net process comes to approximate the true
``open'' system. The total fractionation in a series of
related reactions is not the sum of their individual
fractionations, but approximates that of the most rate-
limiting step(s) (O'Leary 1988). A Rayleigh equation can
give an approximate description of isotopic fractiona-
tions in a series of complex processes if there is a
particularly rate-limiting step, even in open systems. So,
for example, Mariotti et al. (1988) used a Rayleigh
equation to describe and interpret 15N/14N fractiona-
tions during denitri®cation in an aquifer. We assume

that nitrate reduction by NR is more rate-limiting than
the reduction of nitrite and ammonium, the ®rst and
second products of nitrate assimilation, by nitrite
reductase and glutamine synthetase, respectively.

The assumption that nitrate reduction is the only
isotopic ``branch point'' at which signi®cant 15N/14N
fractionations can occur is probably true as far as the
d15N values of total N are concerned. It is not necessarily
true for individual N-containing molecules. When N is
incorporated into amino acids and proteins, large
15N/14N fractionations may occur which are detectable
at the molecular level (Yoneyama 1995). Such e�ects
remain hidden at organ or whole-plant levels. Inter- and
intramolecular variations in d15N are subsumed in d15N
measurements of ``total N'' and so are not the concern of
this theory. The importance of other branch points,
relative to that at NR, is unclear. Suppose, for example,
it were shown that organic N transported from shoots to
roots had a d15N value signi®cantly di�erent from that
of organic N remaining in the shoot. That would argue
for the inclusion in our theory of 15N/14N fractionations
prior to the phloem loading of amino acids. The small
amount of available data indicates little di�erence in
d15N between total N in leaves and in phloem (Yone-
yama et al. 1997).

At any time, the organic N in the root is a mixture of
that assimilated by root NR (box 4) and some exported
to the root from the shoot via phloem transport. Nitrate
is probably not phloem-mobile (Peuke et al. 1996).
Initially (i.e. at t � 1), there is no contribution of shoot-
derived organic N in roots (box 9). Later, some organic
N is exported from shoot to the root (box 28). Equally,
some of the organic N in roots may be exported to the
shoot via xylem transport (box 10). This represents a
cycling of organic N between root and shoot (Cooper
and Clarkson 1989; Larsson 1992).

Organic N in roots that is not exported to the shoot
(box 11) may enter storage pools (box 13) or be e�uxed
as, for example, amino-N (box 12). As with nitrate e�ux
(box 8), we assume no e�ect of e�uxed organic N on the
d15N of externally available nitrate.

The organic N which accumulates in roots over
successive time intervals will be a mixture of root- and
shoot-derived molecules, possibly di�ering in d15N value.
To account for this, a time-averaged d15N is calculated
for root organic N (box 14). The same is done for root
nitrate (box 16), shoot nitrate (box 24) and shoot organic
N (box 27). This also allows for any temporal changes in
the d15N of externally available nitrate to be re¯ected in
the integrated d15N of plant N pools.

The total pool of organic N in shoots (box 25) is a
mixture of that assimilated by shoot NR (box 21) and
that exported from the root (box 10). The mixture may
be stored in the shoot (box 26) or exported to the root
(box 28).

From the resulting amounts and time- and pool-
weighted d15N values of total N (nitrate plus organic N)
in roots (box 17) and shoots (box 29), the total amount
of N in the whole plant and its d15N value are obtained
(box 30). If no N is e�uxed from the plant, whole-plant
d15N must equal that of the absorbed nitrate, i.e. there is
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no net isotopic discrimination between the plant's N
source and whole-plant N.

Solutions. Figure 1 exists as a Microsoft Excelä 5.0
spreadsheet, available from d.robinson@scri.sari.ac.uk
on request. Solutions are found numerically using
Excel's Solver program. The inputs required are, ®rst,
the d15N of absorbed nitrate (dA) and the amount of
nitrate absorbed (A). If only the d15N values of plant N
pools, and not their absolute sizes, are of interest, any
positive value of A will still generate correct d15N values.
Then, relative sizes of N pools are calculated. Parame-
ters dA and A are usually constants.

The second input required is a which has been
measured to be, maximally, »1.017, i.e. +17& against
15N-nitrate (see the values collated by Handley and
Raven 1992); a is assumed to be constant.

Solutions to the equations in Fig. 1 are found by
varying the values of the third group of inputs, the
fractions a to i. Each of these has a value between 0 and
1. If information is available to constrain any to a
narrower range, this reduces the number of possible
solutions. Such information may come from experimen-
tal data or be imposed by biological reality. For
example, neither c nor h (nitrate and organic N e�ux,
respectively) can equal 1 in a living plant. The variables a
to i are, in principle, independent of one another, but
this is not strictly true. For example, if no nitrate reaches
root NR (i.e. a � 0), then the fraction of that nitrate
which is assimilated in roots (b) cannot be anything
other than 0. Further limits may be imposed, depending
on the availability of suitable data. For example, if d15N
values of roots and shoots are known, Solver can
constrain the values of dX and dW accordingly; the same
limitation can be applied to any variable.

As with all numerical methods, it is sensible to solve
the equations repeatedly, using di�erent initial input
values to check if a solution is unique. This is done by
assigning initial values of a to i at random each time the
Solver program is executed. Solver adjusts the values of
a to i repeatedly until a combination is found which, via
the equations in Fig. 1, produces the match with
observed d15N values to within a de®ned tolerance.
The solutions obtained are for a steady-state, after
temporal changes in d15N values caused by the build-up
of N cycling between shoot and root have ceased. Less

than ten iterations are usually required to reach this
steady-state. Some initial combinations of a to i generate
errors which abort the program. This is because the
method by which Solver converges on a solution can,
given certain initial inputs, diverge from any stable
solution.

Testing the theory

The test of the theory is that it should reproduce, from
biologically plausible inputs, the d15N values of the N
pools for which data are available. If neither criterion is
met (i.e. if no combination of calculated d15N values
matches the observed d15N values, or if the variable
inputs ± the fractions a to i ± do not re¯ect the
physiology of the plants under investigation), then the
theory is falsi®ed. To illustrate the theory's applicability,
we use data from experiments in which plants were
grown hydroponically with only nitrate of constant d15N
as an N source (Yoneyama and Kaneko 1989; Evans
et al. 1996).

Komatsuna. Yoneyama and Kaneko (1989) supplied
Brassica campestris var. rapa (komatsuna) with nitrate at
various concentrations from 0.2 to 12 mM, with a d15N
value of +10.3& (Table 2). The theory was able to
simulate the d15N values of whole komatsuna plants,
shoots and roots, and of N pools within these organs, as
averaged across the treatments, to within �1%. Spec-
imen solutions (i.e. values of the fractions a to i which
simulate the data) from 20 successful simulations are
shown in Table 3 (a ``successful'' simulation is one which
yielded no error values and converged on a solution
within 100 s). So, the ®rst criterion of the theory's
validity is satis®ed: it simulated experimental data.
However, for these data, the theory did not produce a
unique solution, i.e. more than one combination of a to i
produced the same simulation.

The variation among solutions was large (usually
³20%: Table 3). This does not re¯ect rounding errors
nor those produced as di�erent trajectories converged
with a ®nite tolerance on the same solution. Rather, the
variations suggest that solutions are discrete and that it
is inappropriate merely to average these, the resulting
combination of a to i then falling between genuine

Table 2. d15N values (&) of various N
pools measured by Yoneyama and Kaneko
(1989) and Evans et al. (1996) in nitrate-
grown Brassica campestris L. var. rapa
(komatsuna) and Lycopersicon esculentum
Mill. cv. T-5 (tomato), respectively. The
data for komatsuna are averaged over
several treatments in which the amounts
and rates of nitrate supply varied; ``organic
N'' is the average of d15N values given for
amino acids plus ``residue''. The data for
tomato are averaged over a 45-d growth
period. ``Shoot'' data for both species are
those reported originally for leaves

N pool Komatsuna Tomato

Mean SE Mean SE

Nitrate source dA +10.3 0.0 +1.8 0.0

Total N, whole plant dY +10.3 0.07 +2.5 0.04

Total N, shoot dW +10.5 0.16 +3.4 1.0

Total N, root dX +5.6 0.42 +0.1 0.7

Nitrate, shoot dU +26.1 0.60 +14.0 4.6

Organic N, shoot dS +6.6 0.43 +2.7 0.5

Nitrate, root dK +12.4 n.d. +11.1 1.7

Organic N, root dO +3.7 0.63 )1.8 0.5
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solutions. It is necessary to inspect all solutions and
decide which combination of a to i is the most plausible.

We note that e, the fraction of nitrate exported from
the root which reaches NR in the shoot, and f, the
fraction of that nitrate assimilated by shoot NR, were
relatively constant across the 20 solutions in Table 3;
e and f varied by only 3 and 17% around means of 0.85
and 0.87, respectively. This suggests unique solutions for
these variables. This conforms to expectations. Leaves
are sites of vigorous nitrate reduction when young, well-
illuminated plants are grown on nitrate (Smirno� and
Stewart 1985; Andrews 1986). That both e and f » 1 is a
good indication that the theory is realistic. Had e and f
been consistently » 0, instead, that would have cast
doubt on the extent to which the theory re¯ected known
facts about N assimilation in nitrate-grown vascular
plants. The small variability in e and f also means that
they cannot be used to distinguish plausible solutions
from the implausible. For that, wemust look to variations
in the other seven variable fractions in Table 3.

Several of the solutions in Table 3 can be rejected as
being physiologically unlikely. For example, those which
predicted zero export of organic N from shoot to root
(g � 0) are unrealistic. It would be unusual for phloem
elements to contain no nitrogenous solutes. We can
eliminate solutions 1±4, 6, 8, 11, 14, 15, 17 and 19 from
further consideration (they are, with small di�erences,
essentially the same solution, but reached from di�erent
initial conditions). It would be equally unlikely for all
the organic N in shoots to be transported to roots
(g � 1): this eliminates solution 20.

To reduce the possibilities even further, extra infor-
mation about the N metabolism of komatsuna is needed.
This comes from Yoneyama et al. (1987). They reported
nitrate e�ux amounting to »10% of root nitrate (i.e. c »
0.1). In addition, the amount of nitrate reduced in
komatsuna roots is £20% of that reduced in shoots
(Yoneyama et al. 1987). So, b should be »0.2, as both e
and f were close to 1 (see above). Solution number 5 in
Table 3 meets all of these conditions. By applying the
constraints that b<0.3 and c � 0.1, the coe�cients of
variation for all fractions (apart from h, the fraction of
organic N e�uxed) were only <5% (data not shown).
This indicates that solution 5 in Table 3 has few
plausible alternatives. When unconstrained, the model
found this solution (number 5) among others; when
constrained using the extra physiological information, it
converged on only this solution.

If solution number 5 in Table 3 does re¯ect the
physiology of komatsuna plants, it predicts several
interesting things. The ®rst is a substantial e�ux of
organic N from roots (h � 0.36). This process was not
included in Yoneyama et al.'s (1987) otherwise compre-
hensive model of N partitioning among N pools in
komatsuna. Our analysis indicates that the e�ux of
organic N from komatsuna roots could have been
signi®cant. Handley and Scrimgeour (1997) noted that
few studies consider the in¯uence of organic N e�ux on
plant d15N values. The second is a large export of
organic N from root to shoot (i � 0.84). Measurements
of organic N ¯ux in the xylem and the d15N value of N inT
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xylem sap would allow this export to be quanti®ed. The
third is a huge export of nitrate from root to shoot
(d � 0.98), again quanti®able from analyses of xylem
sap. Table 4 lists, for komatsuna, the d15N values
calculated by solution number 5 (Table 3) for all the N
pools shown in Fig. 1.

Tomato. Evans et al. (1996) grew Lycopersicon esc-
ulentum cv. T-5 (tomato) at a nitrate concentration of
0.05 mM. This concentration is unexceptional for solu-
tions isolated from unfertilized soils, but far more dilute
than those used for the commercial cultivation of
tomato (e.g. >10 mM). The nitrate supplied to the
plants had a d15N value of +1.8&. Although Evans
et al. claimed that their plants had the same d15N value
as the source, they reported that the former was
+ 2.5 � 0.04& (Table 2). The 0.7& enrichment in
15N in whole plants relative to source is signi®cant at
P<0.001, as a t-test indicates. It is unusual to ®nd whole
plants more enriched in 15N than their source. When it
has been reported, the most likely explanation is an
unsuspected change in the d15N of the source N
(Robinson and Conroy 1998). This probably does not
explain Evans et al.'s data. Their hydroponic system
added nitrate of constant d15N value to the nutrient
solution in response to N absorption by the plants.
Moreover, microbial contaminants were ®ltered from
the solution, minimizing the likelihood of denitri®cation
and the 15N enrichment of residual nitrate that would
result (Mariotti et al. 1988; Robinson and Conroy 1998).
However, without measurements of the d15N value of
nitrate in the solution in which the tomato plants were

grown (as well as of the fresh solution), it is impossible
to con®rm that they had access only to nitrate whose
d15N � + 1.8& throughout. Assuming that they did,
we used our theory to simulate the tomato data (Table 2)
to see if there could be a physiological explanation for the
unexpected 15N enrichment of tomato plants.

The simulations were carried out as for komatsuna,
with appropriate inputs. Specimen solutions are shown
in Table 5. As before, the simulations did not converge
on a unique solution. Five of the nine variable fractions
(a, b, d, e and f ) had small variations around their
means (c.v. <10%). These describe the assimilation of
nitrate in roots and shoots, and the export of nitrate in
the xylem. Cultivated tomato is a voracious nitrate
assimilator and, apparently, rather in¯exible in the
extent to which it varies nitrate reduction between roots
and shoots. In contrast to komatsuna, nitrate reduction
in tomato roots was almost as powerful as in the shoot
(a and b ³ 0.77; e and f ³ 0.86). This might be because of
the weak concentration of nitrate with which the plants
were supplied. As external concentration increases,
proportionately less nitrate is reduced in roots and more
exported to shoots (Smirno� and Stewart 1985; Andrews
1986; Yoneyama and Kaneko 1989; Pueke et al. 1996).

Distinguishing among the possible solutions in
Table 5 again depends on additional information. Evans
et al. reported negligible nitrate e�ux from tomato roots.
Several solutions predict this (c � 0, solutions 3±6, 10,
13, 19 and 20). Solutions 4±6, 13 and 19 can be eliminated
because they predict zero export of organic N from
shoots (g � 0). This leaves only solutions 3, 10 and 20.
Without further information, there is nothing to decide

Table 4. d15N values (&) of N pools in
komatsuna plants measured by Yoneyama
and Kaneko (1989) and calculated by
solution number 5 (Table 3) of the theory.
Theoretical values in bold were matched to
the experimental values (within �1%).
n.d. = not determined

Experiment Theory

Nitrate absorbed dA +10.3 +10.3
Nitrate at root NR dA n.d. +10.3
Unassimilated nitrate in root dA n.d. +10.3
Nitrate assimilated in root dD n.d. )4.8
Residual nitrate remaining unassimilated
in root

dE n.d. +14.1

Total nitrate in root dF +12.4 +12.3
Nitrate e�uxed from root dF n.d. +12.3
Nitrate retained in root dF n.d. +12.3
Nitrate exported from root to shoot dF n.d. +12.3
Nitrate stored and accumulated in root dK n.d. +12.3
Nitrate at shoot NR dF n.d. +12.3
Unassimilated nitrate in shoot dF n.d. +12.3
Organic N stored and accumulated in root dO +3.7 +3.6
Nitrate assimilated in shoot dP n.d. +8.5
Residual nitrate remaining unassimilated
in shoot

dQ n.d. +56.2

Organic N stored and accumulated in shoot dS +6.6 +6.7
Organic N exported from shoot to root dG n.d. +6.7
Total nitrate stored and accumulated in
shoot

dU +26.1 +26.4

Total organic N in root dV n.d. +3.9
Total N in shoot dW +10.5 +10.6
Total N in root dX +5.6 +5.5
Total N in whole plant dY +10.3 +10.3
Organic N e�uxed from root dV n.d. +3.9
Organic N exported from root to shoot dV n.d. +10.6
Total organic N in shoot dG n.d. +6.7
Organic N retained in root dV n.d. +3.9
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among these. They are, in any case, very similar to one
another. Interestingly, each predicts the same substantial
e�ux of organic N (h � 0.46). The e�ux of organic N
with a d15N value more negative than that of the source
nitrate was not considered by Evans et al. as a possible
cause of their plants' d15N values. Some loss from the
plants of 15N-depleted N must have occurred. This is the
only way that they could have become more enriched in
15N than the external N source, in the absence of nitrate
e�ux. The theory predicted that the d15N of the e�uxed
organic N (dV) would have been » )1.5& (Table 6); the
d15N of organic N in whole root tissue (dO) was measured
to be )1.8& (Table 2). Table 6 lists, for tomato, the
d15N values calculated by solution number 3 (Table 5)
for all the N pools shown in Fig. 1.

Discussion

The theory which we have described was not falsi®ed by
its comparison with independent experimental data.
Therefore, we believe it to be a realistic description of
15N/14N fractionation in vascular plants grown with
nitrate as a sole N source. Although the amount of data
needed for rigorous, repeated tests of the theory is
limited, its concordance with that which is available is
encouraging. Experiments with the explicit aim of testing
the theory's predictions are now in progress in our
laboratory.

The main purpose of the theory is to interpret
measured d15N values. However, it alone cannot provide
de®nitive interpretations. Background knowledge of a
particular plant's N metabolism and ecology must guide
the theory's use. Given suitable data, the theory can
suggest which explanations are most likely to be correct
and worthy of closer examination. It seems that shoot
and root d15N values alone will not be adequate to
distinguish between alternative solutions to the theory.
Raven's (1987) view that ``the more that is known about
other details of the process, the more useful are the d
values'' certainly applies here. We suggest that the most
useful item to measure, in addition to the d15N values of
total N in shoot and root (and of nitrate isolated from
them), is the d15N of total N in xylem sap (and of nitrate
isolated from it). That information would allow dv and
dF to be speci®ed, reducing the number of possible
solutions. Measuring rates of nitrate reduction in leaves
is not likely to be useful in this context, because the
relevant variable fractions were always similar, in both
komatsuna and tomato. It is di�cult to measure the
export of N from shoot to root in many species.
Obtaining good data for organic N e�ux is also
problematical. We anticipate that our theory may allow
these processes to be estimated from measurements of
d15N in N pools which are easier to measure, i.e. total N
and nitrate in leaves, roots and xylem.

Alternatively, the theory can be used to explore the
consequences for plant d15N values of changes in speci®c
processes. For example, suppose we wished to know
whether the magnitude of nitrate e�ux was likely to
in¯uence shoot d15N. This could be tested by constrainingT
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the value of c to, for example, 0.1, 0.5 and 0.9 in successive
runs, and observing how the value of dW varied.

The tolerance to which the theory simulated the
komatsuna and tomato data was set, arbitrarily, at
� 1% of each measured d15N value. Another way of
setting tolerances is to use the analytical precision with
which the d15N values were determined. These are likely
to di�er among N pools. For example, the d15N of total
N in plant tissues can be determined routinely to within
<0.2& (Scrimgeour and Robinson 1998). However,
those of plant nitrate and of external N sources may be
reliable to within only 1&.

Several further developments to the theory are needed.
The ®rst is to ®nd an objective way of minimising the
number of solutions for a particular simulation and to
assess whether any of the variables in Fig. 1 can be
ignored, making the theory more compact. Cluster
analysis seems to be a promising candidate for the ®rst
of these tasks. It is not yet possible to say if any of the
variables included in the theory have so little e�ect on the
convergence to a solution that they can be ignored. Those
describing nitrate reduction in shoots might seem good
candidates for exclusion because they hardly vary. How-
ever, what this really means is that the d15N values of N
pools ``downstream'' from nitrate reduction in shoots are
very sensitive to the values of d, e and f. Only relatively
small changes in them are required for the model to
converge on, or diverge from, a possible solution. While
Fig. 1 appears unwieldy, it makes the physiological
processes in the theory transparent. The convenience of
reducing Fig. 1 into a single, approximate equation [cf.
Farquhar et al.'s (1982) theory for d13C in C3 species]
would entail the loss of some of this transparency.

The second is to apply the theory to d15N data for a
wider range of species and for plants grown in environ-

ments likely to a�ect nitrate acquisition and assimila-
tion. Various abiotic stresses (e.g. salinity, drought, N
starvation) produce genotype-speci®c changes in root
and shoot d15N values (Handley et al. 1997, and
unpublished data). These changes are now interpretable
physiologically using our theory, as are several observa-
tions from non-isotopic studies. These observations
include the following. (1) Salinity increases nitrate e�ux
from Hordeum vulgare cv. Kikaihadaka (Yamashita and
Matsumoto 1996) and nitrate reduction in Ricinus
communis L. (castor bean) roots (Peuke et al. 1996).
(2) Osmotic stress diminishes nitrate reduction in Triti-
cum aestivum L. cv. Drabant (wheat) roots, but not in
shoots (Larsson 1992). (3) As the concentration of
external nitrate decreases, so do those of nitrate in roots
and shoots of komatsuna (Yoneyama and Kaneko
1989). Our theory should be able to indicate, from the
d15N values measured in experiments similar to these,
whether some plants are especially prone to respond to
stress in these or in other ways.

The third development is to produce a parallel theory
describing ammonium assimilation. The ``ammonium
only'' version of the theory is largely embedded within
that shown in Fig. 1. The assimilation of absorbed
ammonium occurs almost exclusively in roots (Raven
and Smith 1976). Ammonium is also assimilated in
leaves as a step in the assimilation of nitrate and, in even
larger amounts, during photorespiration (Wallsgrove
et al. 1983). None of these processes is likely to cause
large 15N/14N fractionations at the organ or whole-plant
levels. The strong a�nity of glutamine synthetase for
ammonium results in near-complete in-vivo assimilation.
This leaves little, if any, residual substrate to accumulate
to in¯uence whole-plant d15N values. We hypothesize
that di�erences in d15N between roots and shoots of

Table 6. d15N values (&) of N pools in to-
mato plants measured by Evans et al.
(1996) and calculated by solution number 3
(Table 5) of the theory. Theoretical values
in bold were matched to the experimental
values (within �1%). n.d. = not de-
termined

Experiment Theory

Nitrate absorbed dA +1.8 +1.8
Nitrate at root NR dA n.d. +1.8
Unassimilated nitrate in root dA n.d. +1.8
Nitrate assimilated in root dD n.d. )5.3
Residual nitrate remaining unassimilated in root dE n.d. +28.0
Total nitrate in root dF +11.1 +11.0
Nitrate retained in root dF n.d. +11.0
Nitrate exported from root to shoot dF n.d. +11.0
Nitrate stored and accumulated in root dK n.d. +11.0
Nitrate at shoot NR dF n.d. +11.0
Unassimilated nitrate in shoot dF n.d. +11.0
Organic N stored and accumulated in root dO )1.8 )1.5
Nitrate assimilated in shoot dP n.d. +10.6
Residual nitrate remaining unassimilated in shoot dQ n.d. +110
Organic N stored and accumulated in shoot dS +2.7 +2.6
Organic N exported from shoot to root dG n.d. +2.6
Total nitrate stored and accumulated in shoot dU +14.0 +14.2
Total organic N in root dV n.d. )1.5
Total N in shoot dW +3.4 +3.4
Total N in root dX +0.1 +0.1
Total N in whole plant dY +2.5 +2.5
Organic N e�uxed from root dV n.d. )1.5
Organic N exported from root to shoot dV n.d. )1.5
Total organic N in shoot dG n.d. +2.6
Organic N retained in root dV n.d. )1.5

D. Robinson et al.: 15N/14N fractionation theory 405



ammonium-grown plants re¯ect mainly N e�uxes and
the export between roots and shoots of organic N rather
than any 15N/14N fractionations associated with ammo-
nium assimilation per se.

The fourth development is to extend the theory from
its restriction to nitrate-grown, vegetative plants, to
include N metabolism during reproductive development
(e.g. grain ®lling in cereal crops) and of perennial species.
The latter are particularly interesting as a signi®cant
fraction of their annual N budget comes not from the
assimilation of soil-derived N, but from the remobiliza-
tion of N from internal stores (Millard 1996). We
hypothesize that if internal N remobilization precedes
primary N assimilation, the d15N values of organic N
stored and accumulated in roots and shoots (boxes 14 and
27, Fig. 1) in one season will initially dominate that of N
in new roots and leaves produced in the following season.

The ®nal development is to apply the theory to soil-
grown plants. The main problems to be overcome are:
(1) isolating nitrate, ammonium and available organic N
from soil solutions without 15N/14N fractionation and in
su�cient quantity for reliable d15N determinations
(Scrimgeour and Robinson 1998); (2) dealing with
d15N values of source N pools which change with plant
size, are induced by the plants themselves and depend on
environmental conditions (Robinson and Conroy 1998);
(3) incorporating e�ects of soil microbes on plant d15N
values (Handley and Scrimgeour 1997). It may then be
possible to use d15N measurements to study ecological
aspects of whole-plant N metabolism in ways which do

not assume that 15N natural abundances are tracers of N
sources ± d15N values are, potentially, much more
informative than that.

Thanks to John Raven, Roger Ellis, Brian Forster and an
anonymous reviewer who made helpful comments on early drafts
of this paper. The Scottish Crop Research Institute receives grant-
in-aid from the Scottish O�ce Agriculture, Environment and
Fisheries Department.
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