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Summary. Plants which naturally occur on nutrient-poor sites have inher-
ently lower growth rates when compared to plants from more favourable
habitats. This difference in growth rate is maintained when the species are
compared under conditions which are optimal for their growth. Genetic vari-
ation in plant growth rate is predominantly due to variation in the pattern of
biomass allocation in leaves, stems and roots: fast-growing genotypes have
more leaf area per unit plant weight, but the leaves have a low biomass den-
sity. Gibberellins are involved in some of these inherent differences in
biomass allocation.
Under nitrogen-stress, i.e. when exposed to nitrogen-poor conditions, a
plant’s growth rate is reduced, when compared to that at an optimum sup-
ply of nutrients. This is partly accounted for by a smaller investment of re-
sources in leaves and a greater investment in roots. Rates of photosynthesis
per unit leaf area may also be less at a growth-limiting supply of nitrogen,
whereas carbon requirements for respiration, expressed as a proportion of
carbon fixed in photosynthesis, are increased. This is largely due to increased
carbon requirements for root respiration, due to the relative increase in size
of the root system. Under nitrogen-stress, the leaves of inherently fast-grow-
ing as well as those of slow-growing Poa species accumulate less protein
and more cell-wall components. This is associated with an increase in leaf
mass per unit leaf area and a relatively greater investment in sclerenchymatic
cells. The volume occupied by epidermal cells is reduced, despite their rela-
tive increase in number, due to the decrease in epidermal cell size. Cytokinins
play a major role in the shift in biomass allocation from leaves to roots, as
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dependent on nitrogen supply. There is no information to support a role of
cytokinins in the changes in leaf anatomy.
This paper reviews recent information on the mechanisms accounting for the
pattern of biomass allocation between leaves and roots. The role of
gibberellins and cytokinins in the control of biomass allocation is also dis-
cussed. We conclude that gibberellins account for part of the genotypic vari-
ation in biomass allocation, whereas cytokinins are responsible for part of
the phenotypic changes upon nitrogen-stress.
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relative growth rate

Introduction

Plants vary widely in their growth rate achieved under near-optimum conditions
(RGRmax) and this variation is closely correlated with the species’ ecological distri-
bution. Fast-growing species tend to occur in temperate, productive environments,
whereas slow-growing ones are from nutrient-poor, cold, or otherwise unfavourable
habitats (Grime and Hunt, 1975; Chapin, 1980; Lambers and Poorter, 1992; Atkin et
al., 1996). In a comparison of fast- and slow-growing grass species, the variation in
RGRmax is largely accounted for by variation in specific leaf area (leaf dry mass per
unit leaf area, SLA; Poorter and Remkes, 1990; Garnier, 1992; Atkin et al., 1996).
The low SLA of slow-growing species is associated with more non-veinal scleren-
chymatic cells, relatively small epidermal cells (Van Arendonk and Poorter, 1994)
and a high leaf-mass density (Garnier and Laurent, 1994; Ryser and Lambers, 1995).
Gibberellins are likely to be involved in the control of some of these ecologically
important genetic differences, because the level of this hormone is under genetic con-
trol (Zea mays, Rood et al., 1990a; Brassica rapa, Rood et al., 1990b; Lycopersicon
esculentum, Koornneef et al., 1990; Plantago major, Dijkstra et al., 1990). Recent
information on the role of gibberellins in the genetic variation in biomass allocation,
partly from our own group, will be discussed in this paper.

When plants are growing at a limiting supply of nitrogen, their growth rate de-
creases, largely due to a decrease in their leaf area production leading to a lower leaf
area per unit plant dry mass (LAR) (Gastal and Belanger, 1993; Van der Werf, 1993b;
Belanger et al., 1994). The rate of photosynthesis may also decline, whereas the frac-
tion of photoassimilates required in respiration increases (Van der Werf et al., 1993b,
1994). The decrease in LAR is invariably associated with a lower leaf weight ratio (leaf
mass per unit plant mass, LWR; e.g. Hirose et al., 1988), and sometimes, but not in-
variably (Van der Werf et al., 1993b), with a decrease in specific leaf area as well.
The fraction of biomass invested in roots (root weight ration, RWR) is invariably
increased (e.g. Poorter et al., 1995; Ryser and Lambers, 1995). It is likely that cyto-
kinins play a role in the control of biomass partitioning as affected by nitrogen sup-
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ply (Van der Werf, 1995), as will be discussed as the second major topic in this pa-
per. Table 1 gives a list of the parameters describing biomass partitioning and of other
terms used throughout the text.

Table 1. Abbreviations used and the units in which they are expressed

LAR = leaf area ratio (m2 leaf kg-1 plant)

LWR = leaf weight ratio (g leaf g-1 plant)

NAR = net assimilation rate (g m-2 day-1)

RGR = relative growth rate (mg g-1 day-1)

RWR = root weight ratio (g root g-1 plant)

SLA = specific leaf area (m2 leaf kg-1 leaf)

The control of biomass allocation to roots

The mechanism of phloem unloading in roots has only been studied in detail for a
very limited number of species, e.g. Pisum sativum (Dick and ap Rees, 1975) and Zea
mays (Giaquinta et al., 1983). Based on these studies it is widely believed that in roots
sucrose moves from the phloem to other root cells via symplasmic diffusion and that
this process does not require respiratory energy. If carbohydrates enter the sink cells
in the roots via symplasmic diffusion, it appears that roots can exert little control over
the rate of carbon import into the roots. The only way roots might determine the rate
of phloem import is by their rate of structural growth, storage, respiration and exu-
dation. However, current evidence indicates that the rate of sucrose import controls
rates of growth and respiration, rather than being controlled by these processes
(Lambers and Atkin, 1995). It is concluded that roots are a poor sink, to which only
those assimilates are exported which are left over by sinks which have a capacity to
exert control over the rate of phloem unloading. This model has been advocated for
several decades (e.g. Brouwer, 1963, 1983) and we will briefly review evidence in
support of this model.

In an attempt to test Brouwer’s (1963) model, Nagel et al. (1994) compared the
growth, photosynthesis, water relations and pattern of biomass partitioning of an
ABA-deficient mutant (sitiens) with a wildtype tomato (Lycopersicon esculentum) .
As found before for another ABA-deficient tomato mutant (flacca; Bradford et al.,
1983), sitiens has a greater stomatal conductance, a reduced hydraulic conductance
of the roots and a decreased water potential in the leaves. It also incorporates less
biomass into leaves and shows a relatively greater allocation of biomass to the roots.
Nagel et al. (1994) concluded that carbon allocation to roots is enhanced as a result
of less biomass accumulation in leaves and that their results support Brouwer’s model.
Similar results have been obtained with a number of gibberellin-deficient tomato
mutants (Table 2). The gibberellin (GA) concentration in the mutants is too low to
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support normal leaf and stem growth. Consequently, more carbon is left for translo-
cation to the roots. Thus, when leaf sink strength is reduced as a consequence of a
low rate of GA production, more carbon is allocated to the roots. If leaf sink growth
is reduced as a result of a low water potential in the root environment, again rela-
tively more carbon is invested in roots (Creelman et al., 1990). The low water po-
tential does not sustain leaf growth at the rate of control plants, because of the accu-
mulation of ABA, which strongly inhibits leaf growth, whereas root growth is affected
considerably less (Saab et al., 1990). As long as photosynthesis is inhibited less at a
low water potential than leaf growth is, relatively more carbon is available for trans-
location to the roots. The control in plants grown at a low nitrogen supply, which also
allocate relatively more carbon to their roots, is likely to be more complicated (Van
der Werf, 1995), as will be discussed in a separate section.

Table 2. Relative growth rate, root weight ratio, specific leaf area, leaf and stem
biomass density, and photosynthesis per unit leaf area of wild type and two GA-mu-
tants of tomato

WT Mutant 1 Mutant 2

Growth rate mg g-1 day-1 228.0 193.0 150.0

Root weight ratio g g-1 0.08 0.12 0.18

Specific leaf area m2 g-1 22.0 17.0 13.0

Leaf mass density g DW g-1 FW 0.147 0.134 0.117

Stem mass density g DW g-1 FW 0.054 0.063 0.081

Leaf thickness mm 0.32 0.35 0.39

Photosynthesis µmol m-2 s-1 7.9 7.8 7.7

We conclude that roots have very little direct control over the rate of carbon ex-
port from the leaves. If they do exert control, it is in an indirect manner, via their
control of leaf growth. This lack of control over carbon import might well require a
respiratory system which not only functions to generate ATP, but also allows the oxi-
dation of sucrose to proceed with little ATP production (Lambers and Atkin, 1995;
Wagner and Krab, 1995).

The role of gibberellins to account for inherent variation in biomass
partitioning

The role of gibberellins (GAs) in the control of stem growth is well documented
(Métraux, 1987). However, leaf growth is also controlled by GA, as evidenced by
the leaf growth and leaf size of tomato mutants with decreased levels of GA (O.W.
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Nagel, unpubl.). Gibberellins also control leaf size in Brassica rapa (Zanewich et
al., 1990), Thlaspi arvense (Metzger and Hassebrock, 1990) and Triticum aestivum
(McCaig and Morgan, 1993). It is likely that variation in leaf size between fast- and
slow-growing species is at least partly associated with differences in the concentra-
tion of endogenous gibberellins (reviewed in Lambers and Poorter, 1992).

The exact mechanism by which GA controls leaf elongation has not been stud-
ied in such detail as the control by GA of stem growth. However, based on detailed
work with stem and hypocotyl tissue, GA may promote cell elongation by enhanc-
ing cell wall extensibility due to removal of calcium from the apoplast (Métraux,
1987). Consequently, in genotypes with a low rate of GA production the rate of leaf
cell expansion is less. In addition, cell division is likely to be less also. The lower
rate of cell elongation and cell division is associated with smaller leaves, with less
and smaller epidermal cells (H. Konings, unpublished). Possibly leaf cells can un-
dergo cell division during a restricted period of their life-time only. However, they
may continue to optimum conditions (Lambers and Poorter, 1992), Van Arendonk
(unpubl.) made a comparison of four congeneric grass species (Poa annua, P. trivialis,
P. compressa and P. pratensis, grown at both an optimum and a limiting nitrogen sup-
ply. At an optimum nutrient supply, the species differ in their maximum RGR, ranging
from 184 mg g–1 day–1 for the slowest-growing P. pratensis to 248 mgg–1day–1 for
the fastest-growing P. annua. RGR does not correlate with NAR, but is significantly
correlated with LAR, which is entirely accounted for by variation in SLA.

As expected, RGR and nitrogen concentrations decrease upon nitrogen stress (low
nitrogen supply). The carbon concentration in leaf tissue decreases in P. annua, but
increases in P. pratensis. In the other two species an increase in carbon concentra-
tion is found from optimal N-supply to a moderate N-limitation, followed by a de-
crease upon severe nitrogen stress. The decrease in RGR is accounted for by the de-
crease in LAR (both SLA and LWR). A pyrolysis-mass spectrometry analysis (cf.
Niemann et al. 1995) showed that nitrogen stress decreases the concentration of pro-
tein and enhances that of (hemi)cellulose and lignin. The changes are largest in the
fastest-growing P. annua.

We subsequently analyzed the anatomical basis of the decrease in SLA and
changes in chemical composition, using transverse leaf sections of all four Poa spe-
cies. Nitrogen stress invariably enhances the proportion of leaf tissue which is oc-
cupied by of sclerenchymatic cells from about 0.5 to 6%, predominantly due to an
increase in number of these sclerencymatic cells. The area occupied by veinal tissue
doubles, from approx. 4.5 to 9%, whereas that occupied by epidermal cells is more
or less constant (25%), despite a substantial decrease in size of the epidermal cells,
especially in P. annua. Mesophyll + intercellular spaces occupy a variable area of
approx. 60% in all species and treatments.

A reduced nitrogen supply reduces the cytokinin export to the leaves (Kuiper et
al., 1989; Fetene and Beck, 1993). Due to the lower cytokinin import into leaves, pro-
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tein synthesis and growth of the leaves is less (Simpson et al., 1982; Kuiper and Staal,
1987). As long as photosynthesis declines less than leaf growth, more carbon is avail-
able for root growth. The roots may either grow at the same rate as those of control
plants, or their growth may be increased (Van der Werf, 1995). Based on this infor-
mation, it appears that the relative increase in biomass allocation to roots upon ni-
trogen stress is largely accounted for by the decrease in production and export of
cytokinins from the roots. We have no information if cytokinins might also be in-
volved in the anatomical changes in leaves upon nitrogen-stress. These anatomical
changes are probably ecologically functional, in that the increase in sclerenchymatic
and veinal tissue is likely to give better protection of the leaves (Lambers and Poorter,
1992). It is therefore of interest to reveal the physiological basis of these anatomical
and chemical changes.

Conclusions

It is concluded that current evidence indicates that roots have very little direct con-
trol over the rate of carbon import from the leaves. However, they do exert indirect
control, via their control of leaf growth which depends on the supply of cytokinins
and water from the roots. This lack of control over carbon import might well require
a respiratory system which not only functions to generate ATP, but also allows the
oxidation of sucrose to proceed with little ATP production.
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