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Original Paper

Abstract: The age structure of adult shoots, the nutrient avail-
ability of the habitat, and their interaction, are important fac-
tors influencing the productivity of bamboo groves. In a field
fertilization experiment over two years we examined the im-
pact of physiological integration on the emergence, growth,
and survival of new shoots of Phyllostachys pubescens, a giant
woody bamboo. Impacts of physiological integration were com-
pared using uniform and patchy fertilization treatments. The
number of new shoots emerging per plot significantly in-
creased with the application of fertilizer (NPK), but the increase
was constrained by the age structure of adult shoots. In a year
with a high proportion of shoots with new (first-year) leaves
many more new shoots emerged than in a year with a low pro-
portion of new leaves. Mean survivorship of the new shoots
was constant at 20 % for all treatments in both years of study.
Surprisingly, fertilization did not increase DBH or height of the
new shoots, suggesting that shoot size was fixed early in onto-
geny. The pattern of fertilizer application, either uniform or
patchy, did not affect the total number of new shoots pro-
duced. In the case of patchy application, more new shoots de-
veloped in unfertilized patches in comparison to uniformly un-
fertilized plots, probably because these parts of the clone
received resources via the rhizomes from the adult shoots in
adjacent fertilized patches. The production of new shoots in fer-
tilized patches, in turn, was lower than that in uniformly fer-
tilized plots as a result of this physiological integration. The re-
sults are discussed in the general context of the impact of inte-
gration on clonal plant performance in dense stands.

Key words: Age structure, bamboo, clonal growth, patchy ferti-
lization, physiological integration, vegetative reproduction.

Introduction

Physiological integration refers to the exchange of resources
and growth substances between interconnected ramets of a
clonal plant (Marshall, 1990[26]; Pitelka and Ashmun, 1985[29]).
Integration is a fundamental process influencing the perform-

ance of many clonal plant species (Alpert and Stuefer, 1997[1];
Jónsdóttir and Watson, 1997[18]). Two situations in particular
have received attention in recent years. First, in patchy habi-
tats, clonal fragments growing in favourable micro-sites sup-
port the growth of the clone in unfavourable micro-sites (e.g.,
Marshall, 1990[26]). If the benefits associated with resource im-
port outweigh the costs associated with export, integration is
beneficial to the whole plant. Recent evidence suggests that
the performance of the entire clone growing in a patchy habi-
tat may exceed the performance in a uniform habitat, even if
the total amount of resources supplied in both habitats is
the same (Alpert and Stuefer, 1997[1]; Birch and Hutchings,
1994[3]; Hutchings and Wijesinghe, 1997[15]; Stuefer et al.,
1996[33], 1994[34]). This has been studied only in “foraging”
clonal plants that tend to occur in fairly low densities in a ma-
trix of other plants; whether it also applies to clonal plants
which themselves form dense, “monoculture” stands, is as yet
unknown.

Second, it has been suggested that physiological integration
plays a prominent role in shoot demography in clonal species
growing in dense monospecific stands (e.g., de Kroon, 1993[4];
Hutchings, 1979[13]). Support of small, suppressed shoots in
the stands may reduce density-dependent mortality and even
prevent self-thinning. While evidence has accumulated that
small shoots are indeed supported, it is still a matter of debate
as to what extent the shoot demography in dense stands is sig-
nificantly altered by the process of physiological integration
(de Kroon and Kalliola, 1995[5]; Suzuki and Hutchings,
1997[35]).

Populations of rhizomatous giant bamboos rely heavily on ve-
getative reproduction for the recruitment of new shoots, since
flowering is a rare event in these species (Janzen, 1976[17]; Liao,
1990[23]; MacClure, 1966[25]). Insight into the factors affecting
annual recruitment rates, including the role of physiological
integration, is crucial for a better understanding of the dynam-
ics of shoot populations of these species.

Phyllostachys pubescens Mazel is such a giant bamboo. New
shoots of this bamboo are produced in early spring. In many
stands, years with high numbers of new shoots (up to 3000
per ha) alternate regularly with years with much lower recruit-
ment rates (about 500 per ha; Li et al., 1998 b[20], d[22]). This
pattern appears to be due to the peculiar leaf age structure of
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the stand (Li et al., 1998 b[20]). Leaf life span of this bamboo is
two years, except in first-year shoots where it is only one year.
Two-year-old leaves and leaves on first-year shoots are drop-
ped in April, during the emergence and elongation of new
shoots (Bamboo Research Institute of Nanjing Forestry Uni-
versity, 1974[2]). Flushing of new leaves soon follows upon
shedding of the old leaves. Stands with alternating high- and
low-recruitment years are characterized by an unbalanced
age structure of the adult shoots: the proportion of adult
shoots replacing their leaves in, say, even years, differs consid-
erably from that of adult shoots replacing their leaves in odd
years (Li et al., 1998 b[20]). The number of recruits is strongly
positively correlated with the proportion of adult shoots with
one-year-old leaves, which may be related to the fact that
the maximum rate of photosynthesis of first-year leaves of
P. pubescens is up to three times higher than that of second-
year leaves (Huang and Yang, 1989[12]), which corresponds
to a higher nitrogen content of first-year leaves (Li et al.
1998 d[22]). Apparently, the new shoots are mainly provided
with resources by the adult shoots with one-year-old leaves.
The first-year shoots drop their leaves in the next spring, at
the same time as the adult shoots which contributed most to
their emergence and growth; thus, the many recruits from a
high-recruitment year join the cohort of adult shoots which
supported their growth, and in this way the imbalance be-
tween adult shoots with one- and two-year-old leaves is main-
tained. Moreover, survival rates of new shoots are about 20%
irrespective of the density of recruits (Li et al., 1998 b[20], d[22]).

The correlation between the number of new shoots and the
proportion of adult shoots with one-year-old leaves suggests
that the production of new shoots is mainly affected by the
carbon budget of the clonal system. On the other hand, it has
been found that fertilization with NPK increases the produc-
tion of new shoots (Bamboo Research Institute of Nanjing For-
estry University, 1974[2]; Shi and Bian, 1987[30]; Ueda, 1960[36]).
This increase in productivity may mainly result from an in-
crease of leaf photosynthetic capacity, which is positively cor-
related with leaf nitrogen concentration (Hirose and Werger,
1987[10]; Mooney, 1986[27]). The production of new shoots,
therefore, seems to be affected by the age structure of adult
shoots, nutrient availability, and their interaction.

Although fertilization will increase the production of new
shoots in all years, we predict that, as long as the age structure
of adult shoots in a bamboo grove remains unbalanced as
mentioned above, fertilization will not eliminate the fluctua-
tions between years. In view of the similarity in survival rates
in “good” and “poor” years we also expect that fertilization will
not affect the survival rate of new shoots. We hypothesize that,
if fertilization is applied patchily, clone parts in the unferti-
lized subplots will perform better (in terms of the number of
new shoots and their sizes) than clone parts growing in homo-
geneously unfertilized control plots. Since export of resources
to connected clone parts in adjacent unfertilized subplots in-
evitably reduces the amount of resources available to parts of
clones growing in fertilized subplots, the latter will perform
worse than clone parts growing under homogeneously ferti-
lized conditions.

Species and Study Area

Phyllostachys pubescens is a monopodial giant bamboo. It is
widely distributed in southern China and the neighbouring
countries, Japan and Korea (Bamboo Research Institute of
Nanjing Forestry University, 1974[2]; Isagi et al., 1997[16]; Ueda,
1960[36]). The groves under investigation are situated in the
Nature Reserve of Jinyun Mountain (29850′N, 106826′E), about
40 km north of the city of Chongqing, Sichuan, China. This area
is exposed to the East Asian monsoon. Subtropical broad-
leaved evergreen forests cover considerable parts of the area.
They are interspersed by large groves of P. pubescens that are
managed by man. The groves have been cultivated for at least
40 years and probably much longer, according to the local peo-
ple. Physiognomy, floristics, and structure of these groves were
described by Liu et al. (1988[24]) and Fliervoet et al. (1989[7]). In
recent years, the production of new shoots is good in even
years (1990, 1992 and so on), but poor in odd years (1991,
1993 and so on) in these bamboo groves. The experimental site
was situated in the centre of a several ha large grove at the
middle of a slope with inclination of ca.158, facing northeast,
at ca. 500 –600 m a.s.l. The substrate is a quartziferous sand-
stone. Soils are acid and yellowish. Especially in the cultivated
bamboo groves, nutrient availability is low (Fliervoet et al.,
1989[7]), perhaps due to harvesting of leaf litter and bamboo
shoots (Li et al., 1998 c[21]).

Mature shoots are widely spaced in the groves, at a density of
ca. 22 – 45 shoots per 100 m2. Height of mature shoots often
reaches 10– 20 m, and diameter at breast height (DBH) ranges
from 8 to 16 cm (Bamboo Research Institute of Nanjing Forest-
ry University, 1974[2]). The aerial shoots are long-lived, persist-
ing aboveground for more than ten years. Rhizomes in the soil
are equally long-lived (Bamboo Research Institute of Nanjing
Forestry University, 1974[2]; Numata, 1979[28]; Ueda, 1960[36]).
The growth of new shoots is strongly seasonal.

Rhizomes crisscross belowground mainly in the top 30 cm of
the soil. Rhizome biomass may amount to 12 t.ha–1 and the
density of lateral buds may reach 800 000 ha–1. Rhizomes nor-
mally maintain connections over tens of metres and remain vi-
able for over 10 years (Bamboo Research Institute of Nanjing
Forestry University, 1974[2]; Li et al., 1998 c[21]; Wu, 1984[39];
Zhou et al., 1985[40]). This leads to a complex pattern of large,
intermingled clones. Consequently, the size and spatial extent
of individual clones can only be determined after extensive ex-
cavations, which were not allowed in the (commercially im-
portant) groves. Roots are formed at the shoot bases and the
nodes of the rhizomes; their length is about 66 ± 3 cm (Li et
al., 1998 c[21]).

New shoots are initiated from solitary lateral buds on rhi-
zomes every summer (June –August); they emerge above-
ground the following spring (March– April). Many of these
new shoots then die, reaching a height of a few dm only, but
some (about 20 %) survive and grow rapidly (Li et al.,
1998 b[20], d[22]). They attain their full size (> 10 m in height)
about two months after emergence, and may elongate up to
one metre per day during the period of fastest growth (Ueda,
1960[36]). Only when the new shoots have almost attained their
maximum length, does leaf expansion on these shoots start,
indicating that the carbohydrates and nutrients needed for

Plant biol. 2 (2000) R. Li et al.438
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their construction are provided by the old rhizomes and adult
shoots attached via these rhizomes.

A study of the spatial pattern of emerging and surviving new
shoots in relation to the positions of the adult shoots showed
that both in high-recruitment years and in low-recruitment
years, newly emerging shoots were significantly clumped at a
distance of 1 – 2 m away from adult shoots with one-year-old
leaves (Li et al., 1998 a[19]). This suggests, that the carbohy-
drates, needed for the growth of a new shoot, derive mainly
from the adjacent adult shoot with one-year-old leaves. Since
the vitality of lateral buds in P. pubescens decreases from prox-
imal to distal along a rhizome segment (Hsiung et al., 1990[11];
Zhou et al., 1985[40]), our previous results also suggest that new
shoots positioned most proximally to an adult shoot with one-
year-old leaves will preempt the resources from this shoot and
thus prevent the growth of more distally placed new shoots (Li
et al., 1998 a[19]). This would put restrictions on the degree of
support of new shoots over larger distances by physiological
integration. Since, however, the density of surviving new
shoots is generally lower than that of adult shoots with one-
year-old leaves (Li et al., 1998 b[20], d[22]), some transport be-
yond the margins of the plots may be expected.

Each June, the surviving new shoots are numbered and perma-
nently marked with coloured paint by the owners. Therefore, it
is easy to trace back the year of emergence for each existing
shoot. Each year, mainly in autumn and winter, 7 –10-year-old
shoots are selectively harvested for timber. Almost all these
shoots are still alive when harvested.

Methods

The fertilizer was applied in 10 randomized complete blocks in
the bamboo grove. Each block was visually homogeneous in
environmental conditions. Within each block, five plots of
9 × 9 m were laid out, each receiving a different treatment.
The treatments were as follows (see Fig.1): C, control (no ferti-
lization); H, fertilizing uniformly over the whole plot; L, ferti-
lizing uniformly over the whole plot but with only half the
amount of fertilizer used in treatment H; I, fertilizing only in
the inner half area of 6.35 × 6.35 m (40.3 m2) of the plot with
the same concentration as used in treatment H; O, fertilizing
only in the outer half (40.5 m2) of the plot with the same con-
centration as used in treatment H. Along the borders of ferti-
lized plots, substantial net export of carbohydrates and nutri-
ents to shoots outside the plots might lead to significant edge
effects. In order to minimize such effects, the 2 m wide zone
close to the boundary of each plot was fertilized with the same
concentration as the outer half of the plot (Fig. 1). Accordingly,
for treatment C and I the buffer zone enclosing the plots did
not receive any fertilizer. The plots were separated from each
other by another buffer zone (without fertilization) of at least
4 m.

The amount of fertilizer for treatment H was as follows: N,
400 kg ha–1 yr–1; P, 100 kg ha–1 yr–1; K, 100 kg ha–1 yr–1. Fertili-
zer was applied in the form of (NH2)2CO, CaH4(PO4)2H2O, and
KCl, respectively. The granular fertilizer, in subsequent propor-
tions of 30%, 40% and 30 % of the total dosage, respectively,
was uniformly added to the surface soil of the plots, three
times per growing season: 1) June 1994 and 1995, during the
period of activation of the lateral buds belowground; 2) Sep-

tember 1994 and 1995, in the course of the development of
new shoots belowground; 3) January 1995 and 1996, before
the emergence of new shoots. The fertilizer was covered by a
thin layer of surface soil after the addition. To ensure the ferti-
lizer was effectively absorbed by the bamboo, the understorey
shrubs and herbs were uprooted before fertilization. Under-
storey shrubs and herbs were also uprooted in the control
plots.

In each plot, the number of adult shoots was counted, the year
of emergence of each adult shoot was ascertained and the di-
ameter (DBH) of each adult shoot was measured at the begin-
ning of March 1995 and 1996.

The new shoots began to emerge aboveground at the end of
March each year. To study the effect of the fertilization, cen-
suses at intervals of one or two weeks were carried out from
the end of March to the end of May during 1995 and 1996. By
the end of May, shoot emergence had stopped and the surviv-
ing new shoots had reached the top of the canopy and devel-
oped up to their full height and DBH. At each census, the fol-
lowing parameters were recorded: 1) location of each newly
emerging shoot (inner or outer half of the plot); 2) height and
basal diameter of each new shoot; 3) the fate of each new
shoot (surviving or dead). At the last census of each year, the
DBH of surviving new shoots was also measured.

A 2-way repeated measure ANOVA was used to test differences
in the mean number and individual size of new shoots emerg-
ing and surviving per plot between different treatments and
different years, and to test differences in the mean number
and individual size of adult shoots per plot between different
treatments and different years. A 3-way repeated measure
ANOVA was used to test the differences in the mean number
of new shoots emerging and surviving in the inner or outer half

Fig. 1 Nutrient application in treatments within a randomized
block. C: unfertilized control; H: uniformly high fertilization; L: uni-
formly low fertilization with half the dosage of treatment H; I: fertili-
zation of only the inner half (indicated as “i”) of the plot; O: fertiliza-
tion of only the outer half (indicated as “o”) of the plot; b: 2 m wide
buffer zone that received the same treatment as its enclosed outer
half area of the plot. Details on the application of fertilizers are de-
scribed in the text.

Patchy Fertilization in Giant Bamboo Groves Plant biol. 2 (2000) 439
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area of the plots between different treatments in different
years. Within these analyses, the following planned compari-
sons were carried out to test (cf. Tables 1 and 2):
1. the effects of years: C1995 vs C1996; H1995 vs H1996.
2. the effects of fertilization level in homogeneous plots: C vs L

vs H.
3. the effects of uniform vs patchy application with the same

amount of fertilizer: L vs (I + O).
4. the effects of treatment of one patch type on the perform-

ance in the other patch type in the patchy-application treat-
ments: Ci vs Oi, Co vs Io; Hi vs Ii, Ho vs Oo (see Fig. 1).

Since these contrasts are non-orthogonal, the Dunn–Šidák
method was used to correct the significance levels (Sokal and
Rohlf, 1995[31]). The statistical package STATISTICA (StatSoft
Inc., 1993[32]) was used for all calculations.

Results

Adult shoot number and size

There were no significant differences in the mean number of
adult shoots per plot, the mean diameter (DBH) and the mean
height of the adult shoots, either between different treatments
or between different years (data not shown). The number of
adult shoots averaged 20 – 25 shoots per plot of 9 × 9 m for all
treatments. Adult shoot density was maintained roughly at the

same level between years by the recruitment of new shoots
and the removal of 7 – 10-year-old shoots by the owner of the
groves. The mean DBH and mean height of adult shoots were
ca.10 cm and 12 m, respectively.

Differences between years

During the two growing seasons under consideration, the
weather conditions were similar. However, the number of
emerging and surviving new shoots was significantly different
between the springs of 1995 and 1996. In total, 375 new shoots
emerged and 92 new shoots survived in the 50 experimental
plots in 1995; 1731 new shoots emerged and 357 new shoots
survived in 1996. The magnitude of the increase from 1995 to
1996 was almost the same for different treatments: the num-
bers of emerging and surviving new shoots in 1996 were about
four times higher than those in 1995 (Figs. 2 a,b). The DBH and
height of surviving new shoots were not significantly different
between years if all treatments were considered (Figs. 2 c,d
and Table 1).

Table 1 Result of 2-way repeated measures ANOVA tests for mean
number of new bamboo shoots per plot and mean individual size of
new bamboo shoots in the groves of Phyllostachys pubescens with dif-
ferent treatments on Mount Jinyun, Chongqing, China during 1995
and 1996 (see Fig. 2). C: control; H: high fertilization; L: low fertiliza-
tion; I: (high) fertilization only in the inner half of the plots; O: (high)
fertilization only in the outer half of the plots. Significance levels
are: **** 0 < p < 0.0001; *** 0.0001 < p < 0.001; ** 0.001 < p < 0.01;
* 0.01 < p < 0.05; ns: not significant

Planned comparison
# Emerging # Surviving

Effect of years
C1995 vs C1996 **** ****
H1995 vs H1996 *** *

Effect of fertilization level
C1995 vs H1995 *** ns
C1996 vs H1996 ** ns
C1995 vs L1995 ns ns
C1996 vs L1996 ns ns
L1995 vs H1995 * ns
L1996 vs H1996 ns ns

Effect of uniform vs patchy
application of the same amount
of fertilizer
L1995 vs (I1995 and O1995) * ns
L1996 vs (I1996 and O1996) ns ns

Effect of inner vs outer fertilization
I1995 vs O1995 ns ns
I1996 vs O1996 ns ns

Table 2 Effects of patchy fertilization in the bamboo groves of Phyllos-
tachys pubescens on Mount Jinyun, Chongqing, China during 1995 –
1996. A 3-way repeated measures ANOVA was used to test the dif-
ference in the mean number of emerging new shoots per half plot
with different treatments (see Figs. 1 and 4). C: control; H: high fer-
tilization; L: low fertilization; I: (high) fertilization only in the inner
half (represented as “i”) of the plots; O: (high) fertilization only in
the outer half (represented as “o”) of the plots; Significance levels
are: **** 0 < p < 0.0001; *** 0.0001 < p < 0.001; ** 0.001 < p < 0.01;
* 0.01 < p < 0.05; ns: not significant

Effects Significance level

Main effects
Fertilization (F) ****
Year (Y) ****
Patches (P) *

Interactions
F × Y **
F × P *
Y × P ns
F × Y × P **

Planned comparisons
Effects of import
Ci1995 vs Oi1995 **
Ci1996 vs Oi1996 ns
Co1995 vs Io1995 ns
Co1996 vs Io1996 ns

Effects of export
Hi1995 vs Ii1995 *
Hi1996 vs Ii1996 ns
Ho1995 vs Oo1995 ns
Ho1996 vs Oo1996 ns

Plant biol. 2 (2000) R. Li et al.440
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The mean number of new shoots emerging and surviving per
plot increased significantly with increasing dosage of fertilizer
in the spring of both 1995 and 1996 (Table 1, Figs. 2 a, b; com-
pare treatments C, L, H). However, DBH and height of surviving
new shoots did not depend on fertilizer dosage in either of the
two years (Figs. 2c, d). The growth rates of the new shoots
were not affected by fertilization either (Figs. 3 a, b). New
shoots first increased in basal diameter for some weeks and
then shifted to rapid height growth. During the fastest elonga-
tion of the surviving new shoots (appr. 40 cm height increment
per day), many other new shoots died or stagnated. Final survi-
val rates under different treatments were not significantly dif-
ferent from each other; around 20 % of the new shoots survived
during the springs of both 1995 and 1996 (Figs. 3 c, d).

Effects of patchy fertilization

In the spring of 1995, the number of new shoots that emerged
in the inner unfertilized parts of the treatment “O” plots was
significantly higher than the number that emerged in the
equivalent area of the unfertilized control plots (Fig. 4 and
Table 2, Ci vs Oi), suggesting that import of resources occurred
from the fertilized outer parts to the unfertilized inner parts of
the plots. The number of new shoots that emerged in the inner
fertilized parts of the “I” plots was significantly lower than the
number that emerged in the equivalent area of the treatment
“H” plots (Fig. 4 and Table 2, Hi vs Ii), suggesting that the ex-
port of resources to the unfertilized outer parts reduced the
number of new shoots in the fertilized inner parts. In the
spring of 1996, these differences were also apparent, although
they were not significant (Fig. 4 and Table 2). The number of

Fig. 2 Mean number and size of new bamboo shoots per plot for
different treatments during 1995 (open bars) and 1996 (hatched
bars). (a, b) number of emerging and surviving new shoots; inset:
significance levels of the differences between fertilization treatments

(F), between years (Y) and of the interaction (F × Y); ****
0 < p < 0.0001; ** 0.001 < p < 0.01; ns: not significant. (c, d), DBH and
height of surviving new shoots, respectively. Data are averages over
10 plots ± S.E.

Patchy Fertilization in Giant Bamboo Groves Plant biol. 2 (2000) 441
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“I” plots did not differ significantly from the number that
emerged in the equivalent area of the unfertilized control
plots, however. Apparently, any import of resources from the
fertilized inner parts had been counterbalanced by export to
areas beyond the border of the plots. The number of new
shoots that emerged in the outer fertilized parts of the “O”
plots did not significantly differ from the number that
emerged in the equivalent area of the treatment “H” plots, sug-
gesting that any export of resources to the inner, unfertilized
part was offset by resources imported from the fertilized buf-
fer zone surrounding the plots of treatment “O” and “H”
(Figs. 1, 4).

As expected, the number of new shoots in the inner and outer
parts of the plots were similar for the three homogeneous
treatments “C”, “L”, and “H” (Fig. 4). However, this was also
the case for the treatments in which fertilizer was hetero-
geneously applied (“I” and “O”), indicating extensive integra-
tion between shoots in unfertilized subplots and those in ferti-
lized subplots.

The total amount of fertilizer applied to the plots (incl. the buf-
fer zone) increased in the order of treatments “I”, “L”, “O”, and
'“H”. Similar increasing trends are seen in the number of emer-
ging and surviving new shoots (Figs. 2 a,b). This result indi-
cates that a similar amount of fertilizer induced a similar stim-
ulation of shoot production, irrespective of the method of ap-
plication (uniform or patchy). Obviously, this applies only to
within-plot patchiness; at the larger scale of whole plots plus

Fig. 3 (a, b) Height and base diameter of new shoots at different
censuses from March to May 1996. a height (the inset in a is an en-
larged representation of the pattern during the first five weeks); b
base diameter; Cs and Cns, surviving and non-surviving new shoots
in the unfertilized control plots, respectively; Hs and Hns, surviving

and non-surviving new shoots under fertilized treatment “H”, respec-
tively. (c, d) Survival of new shoots from March to May in 1995 (c)
and 1996 (d) per treatment; C, H, L, I, O represent treatments as
shown in Fig. 1.

Plant biol. 2 (2000) R. Li et al.442
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border zone, fertilization did increase shoot production com-
pared to the unfertilized surroundings.

Homogeneous versus patchy fertilization of our stands of P.
pubescens did not lead to differences in growth performance
of the shoots in the plots: number, DBH and height of surviving
new shoots in the “L”, “I”, and “O” treatments did not differ sig-
nificantly (Figs. 2 b – d; Table 1).

Discussion

Interaction of age structure of adult shoots
and nutrient availability

The number of new shoots emerging per plot significantly in-
creased with increasing application of fertilizer in both 1995
and 1996. However, there was a striking difference between
years. In 1995 the number increased from 4 ± 1 emerging new
shoots per plot in the unfertilized control, to 12 ± 1 shoots per
plot in treatment “H”. Yet, this value is still very low in compar-
ison with the value of 21 ± 2 emerging shoots per plot of unfer-
tilized control in 1996. The low production of new shoots in
the spring of 1995 and high production in 1996 are in accord-
ance with the two-year cyclic rhythm observed in the study
area in recent years (Li et al., 1998 b[20]). Our results suggest
that fertilization will not eliminate these fluctuations.

Recruitment of new shoots is carbohydrate-dependent (Li et
al., 1998 d[22]). The most important limiting factor is the photo-
synthetic capacity of the stand, which varies with the propor-
tion of new (1st-year) to old (2nd-year) leaves. Because of the
two-year life span of P. pubescens leaves, the dominance of
adult shoots that had emerged in even years (e.g., 1990, 1992
and 1994; see Fig. 5) resulted in a low ratio of 1st :2nd year

leaves during the growth period of new shoots emerging in
1995, but a high ratio of 1st :2nd year leaves during the growth
period of new shoots emerging in 1996. This explains the dif-
ferences in the production of new shoots between these years.
In addition to these year-to-year differences, there was also an
effect of fertilizer. Fertilization lead to higher N and P concen-
trations in the leaves (N: 26.4 ± 2.0 [fertilized] vs 21.4 ± 2.1
[control] mg g–1 dry matter; P: 1.48 ± 0.08 [fertilized] vs

Fig. 4 Mean number of emerging new shoots (± S.E.) per inner or
outer half of the plots under different treatments in the spring of
1995 and 1996. For each treatment and year, numbers of shoots in
the inner and outer halves of the plots did not differ significantly.

Fig. 5 Mean number of adult shoots (± S.E.) at the beginning of
March 1996 that had emerged in different years. C, H, and O repre-
sent treatments as shown in Fig. 1.
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1.16 ± 0.12 [control] mg g–1 dry matter [Li et al., 1998 d[22]]), and
therefore its effect on shoot production will probably be due to
an increase in the photosynthetic capacity of the leaves.

The rapid responses of this bamboo to fertilization may be due
to the following characteristics: 1) the root system in the soil is
very dense, amounting to ca. 30 t ha–1 root biomass (Li et al.,
1998 c[21]) and 2) the bamboo absorbs and transports nutrients
very quickly. When a solution of 20 % CuSO4 is poured into the
stumps that remain after the removal of adult shoots, the
leaves on the connecting shoots will turn yellow and become
withered in 2 – 3 days. Furthermore, if urea is supplied, the
chlorophyll content of the leaves on the fertilized shoots may
be 88 % higher than that on the unfertilized control shoots in
one month (Shi and Bian, 1987[30]).

Survival and size of new shoots

The survival rates of new shoots were similar for all treatments
and all years (approximately 20 %). This is in accordance with
our previous studies, where the survival rates of new shoots
in this bamboo were constant across different sites and differ-
ent years (Li et al., 1998 a[19], b[20]). This result may be due to a
within-clone control of new shoot development: proximal
new shoots may preempt resources supplied by the nearest
connected adult shoots and prevent the growth of new shoots
that are positioned more distally on the same rhizome. Conse-
quently, these distal sibling shoots will have a higher chance of
dying. In the end, the number of surviving new shoots was in
proportion to the number of emerging new shoots, and deter-
mined by the number of adult shoots with one-year-old leaves
(Li et al., 1998 a[19], b[20]) and thus, presumably by the available
assimilates (Li et al., 1998 a[19], b[20]). In view of the presence of
such a mechanism controlling numbers of new shoots, the 80 %
mortality of new shoots seems to be rather high, but also in
other highly integrated clonal plant species, the mortality of
subordinate shoots in dense stands has been shown to be quite
high (e.g., de Kroon, 1993[4]; de Kroon and Kalliola, 1995[5]).

While the number of new shoots was significantly affected,
there was no overall effect of fertilization on DBH and height
of the new shoots. Yet, if the shoots in unfertilized control plots
were excluded, the new shoots surviving under all the ferti-
lized treatments in 1995 were somewhat thinner and shorter
than those surviving in 1996 (p < 0.01 for both DBH and
height), while the new shoots in the control plots of 1995 had
the same DBH and height as the shoots of 1996 (Figs. 2c, d).
Perhaps, the few adult shoots with one-year-old leaves present
in April 1995 were unable to provide sufficient carbohydrates
for all surviving shoots to reach “normal” size. In general, it ap-
pears that although higher nutrient availability released more
buds from dormancy, the shoots developing from these buds
ultimately had the same sizes. It thus seems that shoot size
was fixed independently of fertilization. The impact on demo-
graphy of such ontogenetic constraints, i.e., developmental de-
terminations that occur early in the ontogeny and that cannot
be modified by conditions experienced later, have enjoyed in-
creasing attention in recent years (Geber et al., 1997 a[8], b[9];
Watson, 1984[37]; Watson et al., 1995[38]).

Response to spatial heterogeneity of nutrients

In the treatments with patchy fertilization, new bamboo
shoots appeared in both the fertilized and the unfertilized plot
parts. In the fertilized parts, the number of new shoots was less
than in the equivalent areas of the homogeneously fertilized
“H” plots, while in the unfertilized parts the number of new
shoots was higher than in the equivalent areas of the unferti-
lized control “C” plots. This indicates transport of nutrients
from the fertilized parts to the unfertilized parts. While such
transport may have taken place via roots crossing the border
between both plot parts, the restricted length and predomi-
nantly vertical direction of growth of these roots (Li et al.,
1998 c[21]) suggest that this can account for only a small part
of the transport. Apparently, translocation of resources oc-
curred mainly through the rhizome system.

To our knowledge, our study is the first to examine the effects
of patchy fertilization on a canopy-forming clonal plant. Our
results suggest that the performance of entire clones of P. pub-
escens in a patchy habitat did not exceed the performance in a
uniform habitat with the same amount of resources, in con-
trast to the results with Glechoma hederacea of Birch and
Hutchings (1994[3]). The explanation may be that the benefits
to clone parts in unfertilized patches were offset by the costs
to the clone parts in the fertilized patches. Moreover, Birch
and Hutchings (1994[3]) started with small clone fragments
that grew out into unoccupied territory. In their patchy treat-
ment, the plants reached the high-nutrient patch early in their
development, specialized on the local conditions by the pro-
duction of a large root mass in this patch, and thus were able
to extract a larger proportion of the available nutrients earlier
in their growing period than was possible in the homogeneous
treatment. This speeded up the production of ramets (and thus
of photosynthesizing leaf area) of clone parts distal to the
high-nutrient patch, which finally led to the better perform-
ance of the plants in the patchy treatment. The lack of addi-
tional benefits of patchy fertilization in our experiment may
be related to the fact that the plants already covered the whole
area before the application, which allowed rapid integration in
terms of nutrients and carbohydrates over the whole area,
while the production of new shoots is a much more time-con-
suming process.

In P. pubescens, integration evened out the (within-plot) effects
of the patchiness that were imposed, resulting in a similar
number of new shoots emerging in exporting and importing
parts of the clone. Hutchings and Price (1993[14], p. 95) ques-
tioned whether “physiological integration between the ramets
of clonal herbs evens out the effect of variation in environmen-
tal quality”. In this context, morphological responses (e.g., bio-
mass allocation to roots, shoots, and petioles) should be clearly
separated from effects on overall biomass production. Clonal
plants with strong physiological integration indeed show
highly local morphological responses to patch environment in
a heterogeneous habitat (Hutchings and Price, 1993[14]; Stuefer
et al., 1996[33], 1994[34]). Hutchings and Price also argued, how-
ever, that “supplying resources to another part of the clone’s
structure would retard growth and exploitation of the resour-
ces in the better patch” (Hutchings and Price, 1993[14], p.103).
This will especially be the case if the ramets in the better patch
encounter strong competition for light from other plants in
that patch. In the P. pubescens groves, however, the canopy
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structure (consisting of P. pubescens itself) is unlikely to show a
rapid increase in LAI and an increased competition for light in
response to fertilization. In fact, if evening out of the patchily
distributed resources would not occur, this would eventually
result in a higher shoot density in the high-nutrient patches
(if fertilization would continue to result in higher recruitment
rates as in our “H” treatment), and thus more competition for
light between the ramets than in the case of extensive physio-
logical integration. So, in view of the high LAI values generally
found in groves of P. pubescens (Fliervoet et al., 1989[7]; Li et al.,
1998 c[21]), in the long run, we would expect that the evening
out of a patchy availability of nutrients by physiological inte-
gration would enhance the productivity of the stand. This rein-
forces the conclusion of Dong (1995[6]) that the solution to the
controversy raised by Hutchings and Price (1993[14]), whether
integration would be beneficial if it leads to an evening out or
an enhancement of local responses, may be strongly species-
and habitat-dependent.
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