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Abstract

The responses of roots to nitrogen- and phosphorus-rich patches of soil include proliferation of laterals and
stimulation of nutrient inflow (uptake rate per unit root length) within the patch. Nitrate uptake from an N-rich
patch is thereby maximised and, perhaps, compensates for an uneven supply of nitrate to the whole root system.
Paradoxically, the often weak correlation between root length density and N uptake found in experiments on single
plants and crop monocultures suggests that root proliferation in patches has only a minor compensatory influence
on N capture. This paradox was resolved when it was realised that localised root proliferation during inter-specific
competition for nitrate can lead to a strong association between root length density and nitrate capture. Here, a
simple model of inter-specific competition is used to estimate the stimulation in inflow required in one plant to
match the N capture of a competitor that responds only by root proliferation, and to estimate associated carbon
costs. The model predicts that nitrate inflow must increase proportionally more than root length density to achieve
the same N capture. For example, the N capture possible with a 10% increase in root length density can be matched
by increasing N inflow by anything from 20% to 20-fold, depending on the initial conditions: the faster the rate
of change in root length density, the greater the required relative increase in inflow. In those terms, proliferation
would seem the better option, but one that may be more costly in terms of its carbon requirement.

Introduction

The responses of roots to nitrogen- and phosphorus-
rich patches of soil include proliferation of laterals
within the patch and a transient stimulation of nutrient
inflow (uptake rate per unit root length) in those roots
(Robinson, 1994; Robinson and Van Vuuren, 1998).
Such responses will, logically, maximise N or P uptake
from a N- or P-rich patch and, perhaps, compensate for
the uneven supply of these nutrients to the whole root
system. The potential magnitude of these responses to
N and P has been demonstrated most dramatically in
barley by the classic and much-cited work of Drew
and Saker (1975, 1978). The range, diversity, control
and ecological relevance of these ‘foraging’ responses
have become the subject of close and growing scrutiny
ever since.
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Usually (but not always: Otani and Ae, 1996) there
is a strong association between root length and P up-
take. Root proliferation in P-rich patches is, therefore,
easy to interpret in terms of a ‘foraging’ response.
It is difficult to make the same statement about ni-
trate, however, despite the unmistakable strength and
specificity of root proliferation in nitrate-rich patches.
There is often only a weak correlation between a
plant’s root length density and nitrate uptake. This
has been found in experiments on single plants (Van
Vuuren et al., 1996) and crop monocultures (Wiesler
and Horst, 1994). Root proliferation in patches may,
therefore, have only a small compensatory influence
on nitrate capture.

This is an uncomfortable conclusion to reach, and
it is one that makes little sense in the light of Zhang
and Forde’s (1998) discovery that, in Arabidopsis,
the extension of lateral roots in nitrate-rich patches
is partly under genetic control. It is not coincidental
that roots respond to nitrate patches in the way that
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they do, but why do they do it? This question was
answered by Hodge et al. (1999) and Robinson et
al. (1999) who showed that localised root prolifera-
tion during competition for N between two perennial
grasses (Poa pratensis and Lolium perenne) did lead
to a strong association between root length density
and nitrate capture in both species. L. perenne pro-
duced more roots in the patch and captured more
N from it. This finding emphasised that the func-
tional significance of any particular response to soil
heterogeneity or any other factor cannot necessarily
be predicted from experiments conducted in an inap-
propriate context (Robinson et al., 1999). While the
genetics, molecular biology and physiology of plants’
responses to nitrate can be investigated on plants isol-
ated from their neighbours and from soil, the actual
contributions of these responses to N capture and their
influence on plant–plant interactions cannot.

The analysis by Robinson et al. (1999) ignored
the influence of the stimulation in N inflow in roots
in N-rich patches that often precedes the proliferation
of those roots (Van Vuuren et al., 1996); this paper
attempts to rectify that deficiency. If most of a plant’s
roots are in N-deficient soil, a demand for N is created
within the plant. This demand ‘primes’ roots for high-
affinity transport. Should the N supply be restored,
e.g., if some roots grow into a nitrate-rich patch, ni-
trate is absorbed by those roots faster would have
been possible at the same external concentration had
no demand-induced priming occurred (see Robinson,
1996a). Precisely how this is achieved in molecular
terms in unknown. If the nitrate transport system is
analogous to that for sulphate (in molecular terms
probably the most well characterised ion transport sys-
tem in plants), starvation is manifested by a decreased
phloem-mobile signal (probably shoot-derived gluta-
thione in the case of S: Lappartient et al., 1999).
Once translocated to roots, this signal represses the
transcription of genes encoding high-affinity sulphate
transporters (Vidmar et al., 2000). This implies that
an increased whole-plant demand for S up-regulates
sulphate inflow by increasing the density of sulphate
transporters in root plasma membranes. Similar, but
unknown, mechanisms might exist for the regulation
of nitrate and ammonium transporters (Forde, 2000;
Forde and Clarkson, 1999; Howitt and Udvardi, 2000).

A second mechanism by which N inflow might
be up-regulated is the reduction of nitrate efflux from
the roots of N-deprived plants. That mechanism could
have a significant up-regulatory effect on N inflow
only if nitrate efflux is a large fraction of the influx in

N-rich plants (inflow = influx − efflux). If efflux were
10% of influx, totally eliminating efflux could increase
the inflow by only 11%, whereas if efflux comprised
50% of influx, the elimination of efflux could double
the inflow. It is not known how nitrate efflux varies
with external nitrate supply (Scheurwater et al., 1999),
so it is not yet possible to assess the importance of this
mechanism.

Whatever the underlying mechanisms, the re-
spective merits of localised proliferation versus up-
regulated inflow for N capture from nitrate-rich
patches have yet to be assessed experimentally, one
reason being that genotypes that do one but not the
other have yet to be identified (or created). Jackson
and Caldwell (1996) used a simulation model of nutri-
ent uptake to illustrate the relative importance of root
proliferation and up-regulated nitrate inflow for N cap-
ture by single plants. Here I use a model developed by
Robinson et al. (1999) to explore the consequences of
root proliferation and up-regulated inflow for nitrate
capture by competing plants.

Another aspect that has been overlooked until now
is the carbon cost of proliferation and maintenance
of roots within a nitrate-rich patch compared with the
carbon required to transport nitrate across root mem-
branes (see Lambers et al., 1998, p. 124). I have
speculated previously (Robinson, 1996b) that, while
the carbon costs of nitrate-induced root proliferation
could be physiologically significant, the evolution-
ary penalties associated with (what seemed then) a
poor investment might well be trivial and, therefore,
of no selective disadvantage. Here, I focus on the
possible differences in carbon cost associated with
nitrate-induced root proliferation and an up-regulated
inflow of nitrate.

Theoretical

The following equations and parameter values were
used to simulate competition for nitrate between two
contrasting species, and to estimate the associated
carbon costs. Calculations were performed using Mi-
crosoft Excel 97.

Nitrate supply

In this model, nitrate is the only source of N available
to plants. It is present at a defined initial concentra-
tion (100 µg cm−3) and is gradually depleted to zero
by plant uptake. No other processes of nitrate loss
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(e.g., denitrification or immobilisation by microbes)
are considered. Nitrification is similarly disregarded in
the interests of simplicity. To explore particular ques-
tions, these processes could be incorporated easily
within the framework of the existing model.

It is important to emphasise that this pattern of
nitrate supply has a major influence on the model’s
predictions. Had a near-constant nitrate concentration
been assumed, notions that plants compete for nitrate
are as meaningless as the idea of plants ‘competing’
for atmospheric CO2. Then, nitrate capture by one spe-
cies would be independent of that by a neighbouring
plant and nitrate capture at one time would have no
effect on future nitrate availability. The same would
apply at the opposite extreme, at the vanishingly small
nitrate supplies characteristic of many uncultivated
soils.

The basic spatial scale of the model is a unit of soil
volume, envisaged as 1 cm3. (For this reason, cm is the
preferred unit of length measurement rather than the SI
unit m). The nitrate concentration (C, µg cm−3) at the
end of the time interval t (days) to t + 1 is the con-
centration at the start of the interval minus the amount
taken up by the plants from that volume of soil (U,
µg cm−3):

Ct+1 = Ct − Ut (1)

N uptake

N uptake (U, µg cm−3) by a species from unit volume
of soil during the time interval to t + 1 (i.e., �t) is
assumed to be the product of root length density (L,
cm cm−3) in that volume and the N inflow (I, µg cm−1

day−1):

Ut = LtIt�t (2)

Root length density and inflow each varies inde-
pendently with time, as defined below. (NB: to min-
imise typographical clutter, root length density is sym-
bolised here as L rather than the more conventional Lv :
Tinker and Nye, 2000).

The total amount (M, µg cm−3) of N captured by
a species is the sum of the amounts taken up in each
time interval:

M =
t=tmax∑
t=0

Ut (3)

where tmax is the duration of the ‘experiment’ which
may exceed the time taken for nitrate concentration to
reach zero.

Root proliferation

Expressed in terms of root length density, a local-
ised proliferation of roots has two essential variables.
First, a rate of increase (r, day−1) in root length dens-
ity. Second, a maximum attainable root length density
(Lmax, cm cm−3). The data presented by Robinson et
al. (1999) for L. perenne and P. pratensis illustrate
these features nicely. A logistic equation is a conveni-
ent description of the change in root length density
over the time interval �t, a discrete form of which is:

Lt+1 = Lt�t

[
1 + r

(
1 − Lt

Lmax

)]
(4)

An initial root length density of 0.01 cm cm−3 is
specified for t = 0. Both r and Lmax are allowed to vary
in response to localised nitrate (see below).

Nitrate inflow

Ion uptake per unit of root is conventionally and
conveniently described as a function of external ion
concentration by Michaelis–Menten kinetics and this
is adopted here. Inflow (I) at time t is described in
terms of a maximum (Imax) and a concentration (Km)
at which It = Imax /2 (Tinker and Nye, 2000, p. 254):

It = CtImax

Km + Ct

(5)

Again, for simplicity, a minimum, positive value
of Ct at which net inflow is zero (a ‘compensation
point’: Lambers et al., 1998, p. 248) is omitted. Imax
is assumed to vary as part of one plant’s response to
localised nitrate (see below), but Km is here assumed
constant (0.7 µg cm−3, i.e., 50 µM: Forde and Clark-
son, 1999). Km concentrations for nitrate uptake tend
to be so small compared with nitrate concentrations in
soil solutions (e.g., >5 mM: Yanai et al., 1996) that
adjustments to them have negligible influence on net
N capture.

Inter-specific competition

Two potential competitors are defined, species A
and B. Each has the same initial rate of increase in
root length density (r), maximum root length density
(Lmax) and maximum nitrate inflow (Imax). Both spe-
cies absorb nitrate from the same pool, so that their
joint uptake in one time interval determines, via Eq.
(1), the nitrate concentration in the next.
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One species, A, responds to localised nitrate only
by changing r and Lmax so as to adjust its root length
density (Eq. (4)). Its inflow remains unaltered. By con-
trast, species B retains its original rate of increase in
root length density and Lmax, but increases its Imax in
response to localised nitrate (Eq. (5)). A responds mor-
phologically to localised nitrate, B physiologically.

The question that I ask is: to what extent must Imax
in species B change to match the N capture afforded
by species A’s adjustment in root length density? This
question is answered by increasing r and Lmax for A by
defined amounts from their initial values to simulate
proliferation. Imax of B is then adjusted incrementally
(using the Goal Seek tool in Microsoft Excel 97) to
simulate an up-regulation of inflow until, at the end
of the ‘experiment’, the two species have captured the
same amount of nitrate.

For both A and B, the initial values of r, Lmax
and Imax were set to 0.2 day−1, 20 cm cm−3 and
1.2 µg cm−1 day−1, respectively. This value of Imax is
equivalent to 1 pmol cm−1 s−1, a typical measurement
for roots in nitrate-rich solutions (Robinson, 1986).

Carbon costs

The amounts of carbon required for root proliferation,
maintenance and nitrate transport were estimated for
species A and B as follows.

Root dry weight (W, g cm−3) per unit soil volume
was estimated from root length density by assuming
constant specific gravity (ρ, g cm−3), dry:fresh weight
ratio (φ) and mean radius (a, cm) of roots. Assuming
cylindrical geometry, W at time t is given by:

Wt = πa2ρφLt (6)

The constants ρ, φ and a were set to 1 g cm−3,
0.1 and 0.01 cm, respectively. Lt /Wt is the specific
root length (cm g−1), which increases in response to
localised nitrate (Hodge et al., 1998; Robinson and
Rorison, 1983), implying that a, ρ and φ are not ne-
cessarily constant (Eissenstat and Yanai, 1997). Eq.
(6) is, therefore, a gross simplification. More realistic
models should use measured root diameter distribu-
tions (cf. Boot and Mensink, 1990) to derive Wt for
named species (as opposed to the anonymous A and
B).

The specific carbon requirements (χt , g C g−1 day
wt.) for root growth, maintenance and nitrate uptake
were calculated separately for A and B for each time
interval as:

χt = Wt(χg + χm�t + χuUt) (7)

χg is the specific carbon requirement for root
growth. It is the sum of the carbon incorporated into
structural material and that used in associated res-
piration. The carbon fraction of root dry matter was
assumed to be 0.4 g C g−1 dry wt. Respiratory con-
sumptions of O2 in root growth of ∼10 mmol g−1 day
wt. were quoted by Lambers et al. (1998, p. 132). A
2:1 C:O stoichiometry during respiratory electron flow
(Nobel 1991, p. 328) gives a specific respiratory C cost
of root growth of 0.24 g C g−1 dry wt. Therefore, χg
∼0.64 g C g−1 dry wt.

χm�t is the carbon consumption in maintenance
respiration. Lambers et al. (1998, p. 132) quoted a
maintenance respiration rate (χm) for roots of ∼10
nmol O2 g−1 dry wt. s−1. Using similar logic as in
the previous paragraphs, a χm value of ∼0.02 g C g−1

dry wt. day−1 was derived.
χuUt is the respiratory carbon cost associated with

transporting nitrate ions into roots and this varies with
the amount of nitrate absorbed during a time interval.
Lambers et al. (1998, p. 132) quoted respiratory costs
per mol nitrate transported of ∼1 mol O2 mol−1 ni-
trate, so that χu ∼1.7 g C g−1 nitrate absorbed. Ut is
calculated using Eq. (2).

The values of χg, χm and χu were assumed to
be the same for species A and B. Again, if species-
specific information were available this could easily
be substituted.

Finally, cumulative carbon costs (X) were calcu-
lated as:

X =
t=tmax∑
t=0

(8)

In all simulations, tmax was set to 50 days. Car-
bon costs were expressed as the difference in total cost
between A and B.

Results

To illustrate the nature of the model’s output, Fig. 1
shows the trajectory of N capture of species A when it
is competing for nitrate with species B. A is assumed
to proliferate roots in response to nitrate by changing
the rate at which its root length density increases. B,
in contrast, does not respond — it maintains its initial
rate of increase in root length density and nitrate in-
flow. Predictably, A always obtains more nitrate than B
and eventually out-competes it by wide margins. How
should B respond if it is to match the N capture of its
competitor?
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Figure 1. Simulated capture of N, as a fraction of that initially avail-
able, from unit volume of soil by species A and B during competition
for nitrate. Diagonal lines represent different total N capture by
A + B, with the uppermost line representing complete N capture.
The broken line represents equal N capture by A and B. Capture
starts at the origin and proceeds towards the uppermost total capture
line on a trajectory dependent on the species’ attributes. The solid
curves represent trajectories of N capture for species A and B when
A successively adjusts its rate of increase (r) in root length density
from its initial value (0.2 day−1, as in species B) to 0.25 (upper
curve), 0.3 (middle curve) or 0.5 day−1 (lower curve). B does not
respond by increasing its inflow which remains at 1.2 µg cm−1

day−1 throughout. Lmax was set to 20 cm cm−3 in both species.

Figure 2 provides the answer. If B increases its Imax
by between 2.6- and 24-fold, it could eventually cap-
ture as much nitrate as A. Interestingly, the predicted
trajectories show that it is species B with its super-
ior inflow that initially wins the contest for nitrate.
However, as nitrate is depleted and B’s inflow reduced
according to Eq. (5), and as A’s root proliferation
increases, equality is eventually restored.

A fuller picture of the response required from B to
match those of A is given by Figure 3. Increases in the
maximum root length density (Lmax) of A have hardly
any effect compared with those in the rate of increase
in root length density (r); it is the latter that, in this
model, is the major determinant of the effectiveness of
root proliferation in nitrate capture.

The difference in the carbon cost of A and B’s
responses shown in Fig. 3 are presented in Fig. 4.
There is a clear and steep increase in the carbon cost
of root proliferation compared with the corresponding
increases in inflow.

Figure 2. As for Fig. 1, but here species B responds by increasing
Imax from its initial value (1.2 µg cm−1 d−1) such that it ultimately
captures the same fraction of N (0.5) as A. The solid curves represent
trajectories of N capture for A and B when r in A is 0.5 (upper curve),
0.3 (middle curve) or 0.25 day−1 (lower curve), and when Imax
in B is 29 (upper), 6.3 (middle) or 3.1 µg cm−1 day−1 (lower).
Inset: The trajectory possible when Imax of B is limited to 22 instead
of 29 µg cm−1 day−1 such that A (r = 0.5 day−1) is the ultimate
winner (fractional capture by A = 0.59; fractional capture by B =
0.41).

Discussion

The above analysis is an extreme simplification of
what are, in reality, complex processes that contain
large elements of uncertainty. Nevertheless, it does
provide some new insights into the functional sig-
nificance of plants’ alternative responses to locally
available nitrate. These insights are in the form of pre-
dictions that future experiments might be designed to
test, should appropriately distinct genotypes become
available for the purpose. Each is now discussed in
turn.

Root proliferation can be matched by increased
inflow — within limits

Figure 3 illustrated the extent to which nitrate inflow
must increase for it to match the N capture afforded
by a certain root proliferation. The more vigorous the
proliferation, the greater the inflow must increase to
match it — it is obvious that this would be so.

The increases in root length density implied in
Fig. 3 for species A are realistic, at least for plants
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Figure 3. Increases in Imax relative to the initial value (1.2 µg cm−1 day−1) of species B required to match the N capture of species A. The
maximum root length density (Lmax, cm cm−3) and rate of increase in root length density (r, day−1) of A vary as shown on the horizontal axes.

with finely branched, extensive root systems such as
grasses (see e.g., Tinker and Nye, 2000, p. 260). How-
ever, inflow cannot increase in response to a transient
increase in local nitrate as much as the model assumes.
If Imax is increased by alterations in the density of
transporters in root plasma membranes (see Introduc-
tion), >10-fold increases in Imax in real plants seem
highly unlikely. Measured increases in local N inflows
in N-rich patches of 2–3-fold are common (Robinson,
1994) and there is one report (Robinson et al., 1994)
of an 11-fold increase in wheat. These correspond to
cases where r ≤ 0.35 day−1, i.e., at the bottom end of
the range of root proliferations shown in Fig. 3. There-
fore, most of the calculated increases in inflow for our
hypothetical species B are beyond the physiological
capacity of existing genotypes.

This limitation on Imax means that proliferation
could always be the superior response to maximise a
competitor’s nitrate capture, as illustrated in the in-
set to Fig. 2. That is especially true if the nitrate
concentration becomes depleted towards zero since in-
flow is a function of concentration (Eq. (5)), whereas
changes in root length density are not, apart from an
initial concentration-dependent rate of lateral exten-

sion (Zhang et al., 1999). A plant with a modest nitrate
inflow coupled to vigorous root proliferation would
probably always capture a greater share of a finite ni-
trate supply than one expressing strong up-regulation
of inflow but weak proliferation in response to nitrate.

Figure 2 shows that an up-regulation of nitrate in-
flow could allow greater initial nitrate capture than
could root proliferation. The resulting time lags in
N capture by individuals expressing such distinctly
different responses might have important implications
for plant–plant interactions in communities compris-
ing a mixture of species, some capable of rapid up-
regulation of inflow but slow proliferation, and others
(probably fast-growing species) that tend to do the op-
posite. The former type of response would be more
appropriate to exploit very transient pulses, whereas
the latter type would allow greater access to more
durable patches (cf. Campbell and Grime, 1989). A
physiological response could, in some circumstances,
be a better option than a morphological response.

To varying extents, real plants up-regulate inflow
and proliferate roots if the external nitrate stimulus
is strong enough (Robinson, 1994; Van Vuuren and
Robinson, 1998; Zhang et al., 1999). Figure 2 im-
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Figure 4. Differences in carbon cost per unit soil volume between species A and B for the responses shown in Fig. 3.

plies that N capture from a nitrate-rich patch would
be maximised by an initial up-regulation of nitrate in-
flow followed by a phase of root proliferation during
which inflow declines. This is seen in barley (Drew
and Saker, 1975) and wheat (Van Vuuren et al., 1996),
and is consistent with the expression of NRT2 genes
(which code for nitrate transporters) in previously N-
starved roots of Arabidopsis following the re-supply
of nitrate (Forde, 2000).

Root proliferation requires more carbon than does an
increase in inflow

Figure 4 shows that the potential carbon cost of vigor-
ous root proliferation can be considerably greater than
for an up-regulation of nitrate inflow, per unit volume
of soil. One penalty of producing many roots rapidly
is that, once produced, roots have to be maintained
even if there is no nitrate left to capture. In contrast,
carbon is needed for nitrate transport only as long as
any nitrate is available to be transported.

Remember, however, that the largest differences in
cost shown in Fig. 4 correspond to cases where inflow
must increase by physiologically unrealistic amounts
to match the nitrate capture resulting from prolifera-
tion. The model’s prediction is that real plants may

need to invest ∼500 µg C cm−3 soil more to support a
proliferation response than they would to up-regulate
nitrate inflow over a notional 50-day period, i.e., an av-
erage of up to 10 µg C cm−3 day−1. Whether this extra
carbon cost is functionally significant will depend on
many factors. These will include the total rooting
volume of the plant, the fraction of that volume in
which root proliferation occurs, the fraction of photo-
synthesis required daily for proliferation, and whether
there is a corresponding reduction in root growth out-
side the nitrate-rich patch (cf. Drew et al., 1973). If
the last of these occurs to a sufficient extent, the net
carbon cost of root proliferation in a nitrate-rich patch
could be zero to the whole plant.

Suppose that a plant has a rooting volume of
1000 cm3 and a leaf area of 1000 cm2, and that root
proliferation occurs in a nitrate-rich patch comprising
10% of its rooting volume. The plant would there-
fore require an extra 1000 µg C day−1 to support that
proliferation so as to compete effectively with a plant
capable of strong up-regulation of nitrate inflow. If it
fixes carbon at the modest net rate of 10 µmol m−2

s−1 (Nobel, 1991, p. 449; Lambers et al., 1998, p.
27), this is equivalent to a net carbon gain of 0.52 g
C day−1 for a 12-h daily photoperiod. The extra car-
bon required for root proliferation is then only 0.2%
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of the plant’s daily carbon gain. This seems hardly
a potentially ruinous burden, especially if compared
with the often-quoted 10% of photosynthetic fixation
taken by symbiotic mycorrhizal fungi, and if growth
elsewhere in the root system is reduced (see above).
Photosynthesis in this hypothetical plant would have
to be reduced by 98% for the carbon requirement for
root proliferation to be 10% of daily fixation. If this
estimate is reasonable, root proliferation per se does
not appear to present a major problem in terms of
balancing a plant’s carbon budget.

A physiological response might be a better option if
carbon supply is limited

If the carbon supply from photosynthesis is less than
generous, however, the conclusion reached in the pre-
vious section might not apply. Experiments with the
perennial grass Agropyron desertorum (Bilborough
and Caldwell, 1995; Cui and Caldwell, 1997) demon-
strated a reduction in root proliferation in N-rich
patches when plants were shaded, the magnitude of
which was disproportionate to the effect of shading on
plant size. Repeated defoliation by herbivores might
be expected to have a similar effect. If either shad-
ing or defoliation was severe, and internal stores of
carbohydrate limited, root proliferation might become
an unaffordable response to nitrate patches compared
with an up-regulation of inflow. Then, nitrate inflow
might be expected to be even greater, albeit transiently,
in plants experiencing a carbon shortage compared
with those enjoying a surfeit of carbon and able to pro-
liferate roots. Inflows have not yet been measured in
experiments where shading or defoliation treatments
have been applied. Cui and Caldwell’s (1997) data can
be used to show that over 60 days, the mean inflows of
N from a localised nitrate patch were probably about
the same (∼7.5 µg cm−1 day−1 per cm3 soil) whether
A. desertorum was shaded or not. Any temporary up-
regulation in inflow is unlikely to be detected over
such a long interval, however, for which frequent se-
quential measurements are needed (Van Vuuren et al.,
1996).

A large carbon cost associated with root prolifer-
ation within a nitrate-rich patch could be mitigated
if, outside the patch, root turnover should increase
or root production decrease, so reducing the total
carbon requirement for the whole root system. Unfor-
tunately, simultaneous measurements of root demo-
graphy within and outside nutrient-rich patches re-
quired to test this possibility do not seem to have been

made. The data that come closest to this are those of
Pregitzer et al. (1993). They found that localised ad-
ditions of ammonium and nitrate to soil supporting a
mixed hardwood forest extended the average lifespan
of fine roots within the patches compared with roots in
untreated soil. If that observation reflects a difference
among roots of the same plants (uncertain in Pregitzer
et al.’s study because roots of individuals could not be
distinguished), it would be consistent with them shed-
ding roots faster outside a nutrient-rich patch. Savings
in the carbon requirements of the whole root system
would then follow. Far more data are needed before
this hypothesis can be properly tested.

Missing pieces of the puzzle

No discussion of a plant’s carbon budget is com-
plete without including mycorrhizas. Tibbett (2000)
argued that the localised growth and activity of hyphae
of mycorrhiza-forming fungi could supplement root
proliferation in nutrient-rich patches. However, the
evidence for such an effect is scanty (St. John et al.,
1983); to test it rigorously will demand information
about the size, rate of growth and spatial distribution of
hyphae within and outside patches. Mycorrhizal col-
onisation can stimulate root proliferation, as Hodge et
al. (2000) found when Plantago lanceolata was col-
onised by the arbuscular mycorrhiza-forming fungus
Glomus mossae, but there was no effect on the ca-
pacity of P. lanceolata to capture N from a patch of
decomposing organic matter. We are just beginning to
unearth the role of mycorrhizas in patch exploitation,
and the cost and benefits that might accrue to plant and
fungal partners.

Attention in this paper has focused on nitrate.
There are several reasons for this deliberate myopia.
First, the functional significance of root proliferation
in response to nitrate had become all the more inex-
plicable since evidence for its genetic control appeared
(Zhang and Forde, 1998; Zhang et al., 1999); the ‘ni-
trate paradox’ was ripe for resolution. Second, no data
seem to exist for the respiratory costs of ammonium
transport. The intrinsic cost will be half that for nitrate
(I. Scheurwater, personal communication), but the net
cost could be greater given the ubiquity of ammonium
efflux from roots (Forde and Clarkson, 1999) which
will reduce the energetic efficiency of ammonium cap-
ture. Third, even less is known of the transport costs
associated with absorbing other forms of soluble N
such as amino acids.
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Ammonium and amino acids differ from nitrate
in an important respect: mobility. Nitrate is one
of the most mobile ions in soil. Its concentration
is not buffered against depletion (other than by the
concentration-independent microbial processes such
as nitrification) and it diffuses rapidly through moist
soil down concentration gradients. This means that
it is reasonable to assume that the nitrate concentra-
tion at uptake sites approximates that which can be
measured in the bulk soil. That assumption would be
unreasonable for ammonium and amino acids. These
diffuse through soil at least an order or magnitude
more slowly than nitrate, are adsorbed onto negatively
charged surfaces, and suffer significant drawdowns in
concentration between bulk soil and absorbing roots
(or hyphae). Nevertheless, it would be instructive to
perform a similar analysis for these other forms of
N to see to what extent the conclusions reached (or
predictions made) for nitrate apply to them.
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