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� Background and Aims Clonal fragments of the rhizomatous dwarf bamboo Sasa palmata, which widely pre-
dominates in temperate regions of Japan, were grown under heterogeneous resource conditions such as gap
understoreys or nutrient-patchy grassland. Clonal fragments develop multiple ramets with long rhizomes and appear
to be physiologically integrated by the translocation of assimilates. The glasshouse experiment reported here was
designed to clarify the mechanisms of physiological integration of nitrogen more precisely.
� Methods To assess how resource conditions influence the amount of nitrogen translocation, and which organ acts as
the strongest sink, two experiments were conducted that traced movement of 15N label between interconnected pairs
of ramets to compare homogeneous and heterogeneous light and soil nitrogen conditions.
� Key Results The amount of 15N translocated to leaves was between 9% and 11% greater in high-N and high-light
ramets in the heterogeneous compared with homogeneous treatments. Under heterogeneous soil nitrogen conditions,
translocation increased from individual ramets in resource-rich patches to ramets in resource-poor patches, while the
reverse was true under heterogeneous light environments, reflecting differences in the positions of leaves that act as
the strongest sinks. Neither the mass increments nor the total mass of clonal fragments was significantly affected by
heterogeneity of either light or nutrients, possibly because the experimental period was too short for differences to
manifest themselves.
� Conclusions This study clearly demonstrated that nitrogen is readily translocated between ramets, particularly
under heterogeneous resource conditions. The translocation patterns were governed by functional ‘division of
labour’ mechanisms that resulted in net nitrogen movement from understorey sites to gaps, thereby enhancing
the carbon acquisition of the whole fragment. Thus, physiological integration may provide benefits for S. palmata
when it is growing under heterogeneous conditions in which there are deficits of certain environmental
resources.

Keywords: Clonal fragment, dwarf bamboo, Sasa palmata, nitrogen, physiological integration, gap, forest understorey, soil
nitrogen heterogeneity, heterogeneous light environment.

INTRODUCTION

In clonal plants, physiological integration between con-
nected ramets (see Pitelka and Ashmun, 1985) increases net
growth and survivorship significantly more under heteroge-
neous than under homogeneous resource conditions
(Hartnett and Bazzaz, 1983; Pitelka and Ashmun, 1985;
Stuefer et al., 1994; Wijiesinghe and Handel, 1994; Saitoh
et al., 2002; Sergio and Rubén, 2005). One possible reason
for this is that clonal plants may be able to optimize the
efficiency of their resource utilization by translocating
resources along rhizome systems from more favourably
placed ramets to ramets in less favourable micro-environ-
ments. Another possible reason is that the resource
acquisition of entire clonal fragments could be increased
by improving the photosynthetic capacity or resouce uptake-
capacity in heterogeneous environments (i.e. division of
labour or foraging behavior could be beneficial) (Hartnett
and Bazzaz, 1983; Friedman and Alpert, 1991; Wijesinghe
and Handel, 1994; Hutchings and Wijesinghe, 1997;

Lötscher and Hay, 1997; Wijesinghe and Whigham, 2001;
Sergio and Rubén, 2005).

Several studies have quantified the translocation of
resources (i.e. nutrients) between individual ramets under
heterogeneous resource environments, using the stable
isotope 15N (Alpert, 1996; Lötshcher and Hay, 1997).
However, little is known about which organs (i.e. leaves,
stems or roots) are the strongest sinks and sources within
individual ramets under such conditions (Sergio and Rubén,
2005). To clarify the mechanisms of physiological integra-
tion more precisely, it is necessary to investigate the relative
importance of the organs’ functioning as sinks of nutrients.

Dwarf bamboos (Sasa spp.) are rhizomatous, have higher
grass morphology, and are perennial clonal plants widely
distributed in cool temperate regions of Japan (Usui, 1961;
Suzuki, 1978). They frequently predominate in grassland,
forest understorey, pasture and riverbank habitats, in which
environmental resource conditions are usually heteroge-
neous. For example, in temperate forests, the frequent
creation of light gaps of various sizes (as shown by, for
example, Yamamoto, 2000) results in spatially heteroge-
neous light and soil nutrient availability (Lechowicz and
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Bell, 1991; Seiwa and Kikuzawa, 1996; Denslow et al.,
1998). In pastures and grasslands, spatial variations in light
or soil nutrient availability have also been found at various
scales (Turkington and Harper, 1979; Silvertown, 1981;
Turkington et al., 1991). Their heterogeneity is at a finer
scale than individual sizes of clonal fragment of dwarf
bamboos. In temperate forests of Japan, individual clonal
fragments of Sasa palmata, frequently grow under
heterogeneous light conditions from light gaps to shaded
forest understoreys, by expanding long rhizomes (length
5�5–8�5m) connecting many above-ground culms (stems)
(Saitoh et al., 2000; T. Saitoh and K. Seiwa, unpubl. res.).
Furthermore, an experimental study in a field with abundant
light (Saitoh et al., 2002), revealed that when ramets within
clonal fragments of S. palmata are subjected to highly
contrasting levels of shade [1% ambient photosynthetic
photon flux density (PPFD)] the reduction in growth of the
shaded ramets was compensated by the translocation of
assimilates to them from illuminated ramets. These results
indicate that S. palmata benefits from physiological
integration when growing in spatially heterogeneous
habitats such as forest understoreys or grassland. To test
this hypothesis in Sasa species, it is necessary to determine
whether resources are really translocated among ramets
along their rhizome system, and whether the amount of
nitrogen (N) moved between ramets within clonal frag-
ments is greater when resources are heterogeneous than
when they are homogeneous.

In this study, the translocation of resources along
rhizome systems was investigated in detailed stable
isotope (15N)-labelling experiments in a glasshouse, in
which rhizomatous, clonal fragments of S. palmata were
subjected to either homogeneous or spatially heteroge-
neous environments. The following three questions were
addressed: (1) Does translocation of nitrogen in clonal
fragments increase when resources are heterogeneous
rather than homogeneous? (2) If so, which organs mostly
clearly function as sinks of nitrogen? (3) Do the clonal
fragments as a whole benefit from this clonal integration
when resources are heterogeneous?

MATERIALS AND METHODS

Plant culture

The experiments were carried out in a glasshouse at the
Integrated Field Sciences Center of Tohoku University in
Naruko Miyagi prefecture, northern Japan (38 �450N,
140 �450E; approx. 190m a.s.l.). For the experiments,
30 clonal fragments of Sasa palmata were carefully
excavated from a natural population in an open area at the
Integrated Field Sciences Center in May 1997. Each
clonal fragment included a pair of ramets of very similar
sizes which were located on the opposite ends of a
rhizome (approx. 1m long). For each clonal fragment, two
ramets were planted separately in two adjacent plastic
trays (58 · 18 cm, 20 cm in depth) filled with a 1:2 mixture
of sand and vermiculite. Twelve clonal fragments were
used for expt 1 in 1997. The rest of the clonal fragments
were temporarily planted in wet soil for a year and

transplanted in experimental trays in late May 1998 for
expt 2. In both experiments, all clonal fragments were
watered regularly with tap water. After approx. 1 month of
pre-cultivation, 12 and 14 clonal fragments in which new
shoots emerged from dormant buds at the base of each
ramet were selected for expts 1 and 2, respectively. The
remaining four clonal fragments were not used. The PPFD
inside the glasshouse, referred to as ‘open-conditions’ was
equivalent to approx. 50% of full daylight outside the
glasshouse. Over the experimental period (May–August),
the maximum/minimum temperatures in the glasshouse
were 38�5/12�5 �C and 40�5/13 �C in 1997 and 1998,
respectively.

Experiment 1 (effects of soil nitrogen heterogeneity)

To test whether clonal fragments translocate more
nitrogen in heterogeneous than in homogeneous nitrogen
environments, two contrasting treatments were applied. In
the homogeneous nitrogen treatments, one ramet of each
clonal fragment was given a high level of 14N, while the
other was given a high level of 15N. In the heterogeneous
nitrogen treatments, one ramet of each clonal fragment
was given a low level of 14N, while the other was given a
high level of 15N. During the experimental period, high
and low levels of N were applied, i.e. 0�5 g N and 0�05 g N
[in the form of (NH4)2SO4] per ramet, respectively.
Each treatment was replicated six times. In both of these
treatments, both ramets of each clonal fragment
were exposed to high-light, open conditions in the
glasshouse.

Experiment 2 (effects of light heterogeneity)

To test whether more nitrogen is translocated between
ramets from those grown in low-light conditions to those
grown in high-light conditions in heterogeneous rather
than in homogeneous light conditions, two contrasting
treatments were applied. In the homogeneous light treat-
ments, both ramets were exposed to unshaded, open-
conditions in the glasshouse. In each clonal fragment, one
ramet was given 14N while the other was given 15N. This
treatment was replicated five times. In the heterogeneous
light treatments, one ramet of each clonal fragment was
given 14N under unshaded open-conditions, whereas the
other was given 15N under low light, shaded conditions
(approx. 10% of ambient PPFD). Shading was imposed
by placing small shade cages covered with black cloth
above the trays. This treatment was replicated nine times.
Application of N, in the form of (NH4)2SO4, supplied
0�5 g N per ramet during the experimental period.

15N labelling and harvests

15N solution was applied from the beginning of the
experiments: on 20 June 1997 and 29 June 1998 in expts
1 and 2, respectively. In both experiments, (15NH4)2SO4

(30 atom% 15N) solution was applied to the soil around
the ramets in the high 15N sides. All the ramets within
clonal fragments were irrigated every 3–4 d with nutrient
solution of low or high N concentration containing ample
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supply of other essential macro-nutrients (P, K, S, Ca, Fe
and Mg). A nutrient solution containing all essential
micro-nutrients (0�8mmol Zn, 0�8mmol Cu, 1�5mmol
Mn, 1�9mmol B, and 0�3mmol Mo per tray) was applied
before each experiment. In the following text, the 15N-
labelled ramet of each clonal fragment is referred to as a
labelled-ramet, while the other is referred to as an
unlabelled-ramet.

In both experiments, the clonal fragments were grown
for 61 d between June and August which is the leaf-
emerging period of S. palmata. At the end of both
experiments, rhizomes were cut at the mid-point of the
two ramets of each clonal fragment, and each ramet
(together with the associated fine roots and rhizomes) was
harvested. The leaves, culms (stem), rhizomes and roots of
each ramet were separated into three components: current
growing parts, older parts (>1 year old) and roots. Each
component was dried to constant mass. Total nitrogen
(15N + 14N) content (total N), excess atom percentage 15N
and dry mass were measured for both the current-year and
older parts of each organ (i.e. leaves, culms and rhizomes)
and roots in each ramet of each clonal fragment. The
amount of 15N movement (AMi), i.e. the amount of 15N
translocated from roots of individual labelled-ramets to
each of the current-year and older organs and roots of
individual unlabelled-ramets, was calculated as follows:
AMi (mg) = (Mi—0�365)/(A�0�365) · total Ni where A is
applied 15N atom percent (30 atom%) and Mi is the
measured excess atom percentage 15N of each part of each
organ i. The natural abundance of 15N in the samples was
assumed to be 0�365% (Boutton, 1991). The percentage of
15N movement (%Mi) was defined as the ratio of the total

amount of 15N translocated from labelled to unlabelled
ramets to the amount of 15N absorbed by the roots of
labelled-ramets, calculated as follows: %Mi = AMi/AMfrag

where AMfrag is the total amount of 15N absorbed per
clonal fragment by the roots of labelled-ramets.

Data analysis

To examine differences in the relative sink strengths of
individual ramets, the initial ramet and leaf biomass were
compared within clonal fragments and between clonal
fragments of the two treatments using one-way ANOVA
after a paired t-test in each experiment. There were no
significant differences in either initial ramet mass or initial
leaf mass between these sets of clonal fragments in either
experiment (Table 1 and Fig. 1). In this study, thereafter,
differences between the values for these sets of data that
developed during the course of the experiments were
compared within and between the treatments using the
paired t-test.

To test the effects of heterogeneity of the environmental
resources light and nitrogen availability on ramet
performance, the mass increment, the biomass after
experiment, the total N content, the amount of 15N
movement and percentage of 15N movement of the sets of
ramets and leaves were compared within and between
each treatment using paired t-tests. After this analysis, the
mean values for these sets of data of clonal fragments
were compared within and between treatments using one-
way ANOVA in each experiment. To test whether the
translocation of 15N between ramets is related to the
basipetal or acropetal direction of rhizomes, with respect

TABLE 1. Results of significance tests for initial biomass before conducting the experiments, dry mass increment, after biomass,
total N, amount of 15N and percentage of 15N within and between clonal fragments in Sasa palmata

Expt 1: effect of soil nitrogen Expt 2: effect of light

All Homo Hetero

Within
pair

Between
pairs

All Homo Hetero

Within
pair

Between
pairsd.f. t d.f. t d.f. t d.f. t d.f. t d.f. t

Initial biomass

Leaf 8 0.05 3 0.62 4 �0.91 10 �0.10 3 �0.01 6 �0.11

Ramet 11 0.12 5 0.65 5 �0.25 13 �0.67 4 �0.89 8 �0.29
Mass increment
Leaf 11 �0.30 5 �1.13 5 0.45 13 �2.14 † 4 0.15 8 �2.74 * †

Ramet 11 �0.05 5 �0.67 5 1.30 13 �1.86 † 4 �0.65 8 �1.75
After biomass
Leaf 11 �0.28 5 �0.52 5 0.38 13 �2.01 † 4 0.13 8 �2.54 *
Ramet 11 0.12 5 �0.60 5 0.79 13 �1.59 4 �0.84 8 �1.35

Total N
Leaf 11 �0.78 5 �1.21 5 0.54 13 �2.39 * 4 0.11 8 �3.11 * †

Ramet 11 �1.11 5 �2.44 † 5 1.38 * 13 �2.54 * 4 �1.21 8 �2.29 †

Amount of 15N
Leaf 11 4.53 *** 5 3.75 * 5 2.55 † 13 2.34 * 4 5.06 ** 8 1.11
Ramet 11 6.32 *** 5 3.50 * 5 5.51 ** * 13 5.61 *** 4 3.47 * 8 4.18 **

Percentage of 15N
Leaf 11 6.07 *** 5 12.98 *** 5 2.60 * * 13 3.53 ** 4 7.55 ** 8 1.66 †

Ramet 11 9.97 *** 5 8.45 *** 5 5.72 ** � 13 8.29 *** 4 8.40 ** 8 5.89 ** † �

Differences within and between clonal fragments were tested by one-way ANOVAs after testing for the effects of soil nitrogen (expt 1) or light (expt 2) in
all treatments and each treatment by paired t-test. Values are d.f. (degree of freedom), t ratio and its significance for effects (paired t-test or ANOVA: †P < 0�1,
*P < 0�05, **P < 0�01, ***P < 0�001).
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to the heterogeneity, the effects of the treatments and
rhizome direction on the amount of 15N movement in
leaves were analysed by two-way ANOVA in each
experiment. Statistical tests were performed with the JMP
statistical program (SAS Institute, 1995). Data were
square-root transformed to meet the assumptions of
the normal distribution (Shapiro–Wilk’s test) where
necessary.

RESULTS

Heterogeneity of soil nitrogen (expt 1)

Neither the mass increment and the after biomass of
ramets (i.e. leaves + culms + rhizomes) and leaves nor the
total N content of the leaves significantly differed within
and between clonal fragments (Table 1 and Fig. 2).
However, the percentage of 15N movement from the 15N
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pool of labelled-ramets to newly emerging leaves of
unlabelled-ramets were significantly higher in the hetero-
geneous than in the homogeneous soil N treatment
(Table 1 and Fig. 2B). The percentage of 15N in the leaves
of unlabelled-ramets was greater in the heterogeneous soil
N (13%) than the homogeneous soil N treatment (4%)
(Fig. 3A).

At harvest, the mean biomass of individual clonal
fragments did not differ significantly between the two
treatments (Table 1). However, the amount of total absorp-
tion of 15N per ramet (i.e. leaves + culms + rhizomes +
roots) was significantly greater when soil N was distribu-
ted heterogeneously than when it was homogeneous
(Table 1). Total N content per ramet differed significantly
between ramets in homogeneous soil N conditions
(Table 1), and was highest in unlabelled-ramets in the
homogeneous treatment (Fig. 2A), probably because the
corresponding clonal fragments had higher N contents at
the start of the experiment.

The amount of 15N that moved to leaves was affected
by environmental resource heterogeneity, but not by the

direction of the movement (acropetal or basipetal) along
the rhizome (Table 2).

Heterogeneity of light (expt 2)

The mass increment and after biomass of leaves and the
total N content of leaves were significantly higher, and
total N content of ramets (i.e. leaves + culms + rhizomes +
roots) were marginally higher in the open ramets than the
shaded ramets in the heterogeneous light treatment
(Table 1 and Figs 1B and 2C, D). However, the percentage
of the 15N pool of labelled-ramets that moved to
unlabelled-ramets and newly emerging leaves were
marginally higher in the heterogeneous than in the homo-
geneous light treatment (Table 1 and Fig. 2C, D). The
percentage of 15N movement in the leaves of unlabelled-
ramets was greater in the heterogeneous (17%) than in the
homogeneous light treatment (6%) (Fig. 3B).

The mean biomass of individual clonal fragments did
not differ significantly between the two treatments
(Table 1). However, the percentage of 15N movement
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TABLE 2. Leaf 15N of unlabelled ramet and results of significance tests for direction of nitrogen translocation in Sasa palmata

Acropetal Basipetal Treatment Rhizome direction

Leaf 15N (mg) n Leaf 15N (mg) n F P F P

Expt 1: the effect of soil nitrogen
Heterogeneous 20.9 6 17.5 2 18.6 6 4.8 4 8.72 * 0.02 NS
Homogeneous 4.9 1 3.3 6 1.4 5

Expt 2: the effect of light
Heterogeneous 13.5 6 4.4 4 28.2 6 9.3 5 5.79 * 1.27 NS
Homogeneous 5.5 6 3.7 2 6.6 6 3.6 3

The effects of treatment and rhizome direction (acropetal or basipetal) tested by two-wayANOVAs. Values aremean6 s.e.,F ratio and its significance for
effects (ANOVA: *P<0�05; NS, not significant).
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per ramet (i.e. leaves + culms + rhizomes + roots) was
marginally greater in heterogeneous than in homogeneous
light conditions (Table 1 and Fig. 3B). In the heteroge-
neous light conditions, the total N content per leaf differed
marginally between ramets, and was higher in exposed
ramets compared with shaded ramets (Table 1 and
Fig. 2D).

The amount of 15N that moved to leaves was affected
by environmental light heterogeneity but not by the
direction of the movement (acropetal or basipetal) along
the rhizome (Table 2).

DISCUSSION

Resource heterogeneity and nitrogen translocation

This stable isotope 15N-labelling study clearly revealed
that the dwarf bamboo Sasa palmata readily translocates
nitrogen between ramets along the rhizome system,
particularly under heterogeneous environmental resource
conditions. Although these results are in accordance with
previous studies of several plant species of other taxa
(Jonsdottir and Callaghan, 1990; Alpert, 1996; Derner and
Briske, 1998) this is the first stable isotope study, as far as
is known, to demonstrate the physiological integration
between ramets in woody and higher grass morphology
clonal plants (bamboo, dwarf bamboo). Furthermore, this
study revealed that translocation patterns of nitrogen were
especially distributed to the leaves, which presumably are
acting as the strongest sinks. There were no significant
differences in either the mass increment and the total mass
of clonal fragments grown in heterogeneous (light or
nutrient) conditions and those grown in homogenous
conditions in both the experiments, although the total
amounts of exposed resources available were lower in the
former than the latter, perhaps because the experimental
period ran for so little time. Therefore, it was not possible
to conclude that a clonal fragment of S. palmata benefits
from physiological integration of nitrogen.

Under heterogeneous light conditions, the results of
translocated nitrogen from shaded ramets to exposed
leaves within individual clonal fragments suggests that
nitrogen translocation between ramets was prompted by
the transpiration of newly emerged leaves of light-exposed
ramets acting as strong nitrogen sinks (Marshall, 1990).
Such a nitrogen translocation pattern would have strongly
contributed to optimization of net photosynthesis and
maximization of carbon acquisition, not only for open
ramets but also for entire fragments, since higher nitrogen
concentrations per unit leaf area is beneficial in increasing
photosynthetic ability, particularly under abundant light
conditions (Hirose and Werger, 1994; Sergio and Rubén,
2005), whereas shaded ramets had a lower nitrogen
content by exporting nitrogen to the open-ramet. Further-
more, when clonal fragments were exposed to heteroge-
neous light conditions in previous studies of S. palmata
(Saitoh et al., 2002), ramets under open conditions
allocated more biomass to their leaves than shaded ones,
irrespective of rhizome connection, and the individual
leaf had modified morphological plasticity independently

of such physiological integration. Thus, the results of this
study, together with previous findings, may indicate a
division of labour for carbon acquisition in S. palmata
clonal fragments (Hutchings and Wijesinghe, 1997;
Allison et al., 2005).

Under heterogeneous soil nitrogen environments,
S. palmata translocated nitrogen from high-N ramets to
low-N leaves within individual clonal fragments. Marshall
(1990) showed that the increasing sink strength of
emerging or elongating leaves could prompt the translo-
cation of mineral nutrients. The present results also
suggest that the mass of the emerging new leaves was not
decreased by translocation of nitrogen between ramets,
even in the low-N ramets, since the low-N ramet would
act as a strong nitrogen sink. Therefore, such physiolo-
gical integration between ramets may have the potential to
reduce the loss of photosynthetic ability of both ends of a
ramet, even in the micro-environment of nitrogen shortage
under abundant light conditions (Sergio and Rubén, 2005).

The direction of resource translocation within individ-
ual clonal fragments differed between those subjected to
soil nitrogen heterogeneity and those subjected to light
heterogeneity. In heterogeneous soil nitrogen conditions,
translocation of nitrogen increased from individual ramets
in resource-rich patches to ramets in resource-poor patches,
while the reverse was true in heterogeneous light condi-
tions. This difference would be approximately caused by
differences in the positions of sinks along rhizome
systems, and ultimately governed by the selective pressure
for clonal fragments to allocate nitrogen within and
among ramets in such a way that their overall carbon
acquisition parameters are optimized.

Implications for natural habitats

In both temperate and tropical forests, light intensities
are higher in light gaps but the availability of water and/or
nutrients tends to be lower than in understoreys (Stuefer
et al., 1994; Seiwa and Kikuzawa, 1996), because of the
rapid decomposition of the large mass of litter from the
fallen trees that created the gaps, although the soil
concentrations of nutrients return to background levels
within a year from the treefall in tropical forests (Denslow
et al., 1998). In temperate forests of Japan, single clonal
fragments of S. palmata often grow under heterogeneous
light conditions, extending from gap to forest understorey,
with long (5�5–8�5m) rhizomes connecting the various
above-ground culms (ramets) (T. Saitoh and K. Seiwa,
unpubl. res.). Sasa palmata may therefore depend on
physiological integration of assimilates to persist in the
heterogeneous resource environments characteristic of the
understorey (Saitoh et al., 2002). In addition, this study
confirmed that nitrogen is translocated in S. palmata from
ramets growing under the characteristic low-light and high
soil N conditions of forest understories to ramets growing
under the characteristic high-light and low soil N
conditions of gaps. It is inferred from these observations
that clonal fragments of S. palmata translocate different
resources (i.e. mineral nutrients and assimilates) bidirec-
tionally, as previously described in herbaceous clonal
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species (Alpert and Mooney, 1986; Stuefer et al., 1994,
1996; Shumway, 1995). This is one of the mechanisms
whereby populations of S. palmata persist vegetatively,
and subsequently predominate in heterogeneous resource
and limited light environments in the forest.

This study was based on glasshouse experiments in
which the clonal fragments of S. palmata were planted in
conditions where two resources (light and nitrogen) were
separately varied while all other variables were kept con-
stant. Under field conditions, the availabilities of two or
more resources are often negatively correlated in space
(Stuefer, 1994; Alpert and Mooney, 1996). Thus, further
experimental studies are needed to assess responses in the
field to such complex resource heterogeneities. This glass-
house experiment demonstrated that nitrogen is translo-
cated from labelled-ramets to neighbouring leaves up to
at least 1m away. Further study is needed to establish
whether translocation occurs over longer distances in
the field.
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