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† Background and Aims Plants respond to the spatial and temporal heterogeneity of a resource supply. However,
their responses will depend on intraspecific competition for resource acquisition. Although plants are subject to
various intensities of intraspecific competition, most studies of resource heterogeneity have been carried out
under a single density so that the effects of intraspecific competition on plant responses to resource heterogeneity
are largely unknown.
† Methods A growth experiment was performed to investigate plant responses to the temporal heterogeneity of
water supply and nutrient levels under multiple plant densities. The annual plant Perilla frutescens was grown
using different combinations of frequency of water supply, nutrient level and density, while providing the
same total amount of water under all conditions. The effects of the treatments on biomass, allocation to roots
and intensity of competition were analysed after 48 d.
† Key Results Biomass and allocation to roots were larger under homogeneous than under heterogeneous water
supply, and the effects of water heterogeneity were greater at high density than at low density. The effects of
water heterogeneity were greater at high nutrient level than at low level for biomass, while the effects were
greater at low nutrient level than high level for allocation to roots. Competition was severer under homogeneous
than under heterogeneous water supply.
† Conclusions Competition for water probably makes plants more sensitive to the water heterogeneity. In
addition, the intensity of intraspecific competition can be affected by the temporal patterns of water supply.
Because both resource heterogeneity and intraspecific competition affect resource acquisition and growth of
plants, their interactive effects should be evaluated more carefully under future studies.

Key words: Biomass allocation, competition intensity, heterogeneous water supply, intraspecific competition,
nutrient level, Perilla frutescens, population density, resource heterogeneity.

INTRODUCTION

In the field, plant resources exhibit spatial and temporal hetero-
geneity (Jackson and Caldwell, 1993a, b; Farley and Fitter,
1999; James et al., 2003), and plant responses to the resource
heterogeneity are likely to depend on the intraspecific compe-
tition for resource acquisition. However, most studies have
been conducted under a single population density in focusing
on plant responses to resource heterogeneity. Therefore, the
effects of competition on plant responses have not been eval-
uated, although plants are subject to various intensities of
intraspecific competition (Begon et al., 2006).

Water is a plant resource with temporally variable avail-
ability (James et al., 2003). The temporal heterogeneity of
water supply (hereafter, ‘water heterogeneity’) affects plant
growth characteristics such as biomass and biomass allocation
(Saeed and El-Nadi, 1998; Novoplansky and Goldberg, 2001;
Fay et al., 2003; Maestre and Reynolds, 2007; Hagiwara et al.,
2008). Plant biomass tends to increase under homogeneous
water supply (low variability) compared with under hetero-
geneous water supply (high variability), even when the same
amount of water is supplied under both regimes (Saeed and
El-Nadi, 1998; Novoplansky and Goldberg, 2001, but see
Heisler-White et al., 2008). Several studies have focused on

the responses of biomass allocation to roots as well as
biomass itself (Novoplansky and Goldberg, 2001; Fay et al.,
2003; Maestre and Reynolds, 2007; Hagiwara et al., 2008),
because plants can alter their allocations to roots in response
to water availability (Kramer, 1983; Lambers et al., 1998).
Fay et al. (2003) suggest that allocation to roots would increase
under heterogeneous water supply to compensate for the inter-
vening water deficits and that plants would prevent further
reductions in shoot biomass. Thus, biomass growth can be
modulated by the allocation responses to variability in water
availability; large allocation to roots would lead to constant
biomass growth being maintained. If intraspecific competition
for water becomes severe, water is more likely to limit the
plant growth and the sensitivity of plants to variability in
water availability will increase.

In addition, resource heterogeneity can affect the intensity
of competition. In the study of nutrient heterogeneity (Day
et al., 2003), spatially heterogeneous nutrient supply increased
the intensity of intraspecific competition of Briza media com-
pared with homogeneous supply, because concentration of
nutrients to a small patch would lead to intense competition.
Water heterogeneity can also affect the intensity of compe-
tition, because water uptake of plants will concentrate in
brief periods under heterogeneous water supply compared
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with homogeneous water supply. Therefore, competition may
be severer under heterogeneous water supply.

The focus of this study was on the interaction between water
heterogeneity and nutrient level, because the effects of the
amounts and heterogeneities of multiple resources should be
investigated simultaneously (Maestre and Reynolds, 2007;
Hagiwara et al., 2008). Nutrient level is likely to affect plant
responses to water heterogeneity, for three reasons: (1) nutrient
availability depends on water availability (Lambers et al.,
1998); (2) water availability is likely to limit plant growth
under nutrient-rich conditions, because under these conditions
plants will grow larger and require more water than under
nutrient-poor conditions (Goldberg and Novoplansky, 1997;
Stevens et al., 2006); and (3) the variability in water avail-
ability is likely to affect water uptake of plants under
nutrient-rich conditions, because the allocation to roots will
be smaller under these conditions. Therefore, plant responses
to water heterogeneity should be greater under nutrient-rich
conditions. In fact, the biomass of solitary plants of Perilla fru-
tescens was greater under homogeneous than heterogeneous
water supply, only under nutrient-rich conditions (Hagiwara
et al., 2008).

A growth experiment was performed using an annual forb of
Lamiacea, P. frutescens, to investigate the hypothesis that
water heterogeneity affects plant biomass, biomass allocation
and intensity of intraspecific competition, interacting with
nutrient levels and population densities. Under this hypothesis,
it was predicted that (a) plant biomass would be larger under
homogeneous water supply than under heterogeneous water
supply, particularly when nutrient levels are high and popu-
lation densities are high; (b) biomass allocation to roots
would be greater under heterogeneous water supply, particu-
larly when population densities are high; and (c) intraspecific
competition would be severer under heterogeneous water
supply.

MATERIALS AND METHODS

Under natural conditions, Perilla frutescens grows on the floor
of evergreen forests where there is a gap in the canopy; it
reaches heights of 50–80 cm, and flowers from September to
October (Iwatsuki et al., 1993). It is relatively drought-tolerant
but is sensitive to water deficiency; it can therefore serve as a
model species for studying plant responses to variability in
water availability.

The growth experiment was conducted in a plastic film
greenhouse under natural sunlight and ambient temperature
at Tokyo Metropolitan University from July to September
2007. The experiment was a three-way factorial randomized
block design: the factors were water heterogeneity, nutrient
level and plant density. The water heterogeneity treatment
had two levels of frequency of water supply: homogeneous
(100 mL of water daily) and heterogeneous water supply
(400 mL of water every 4 d). The maximum amount of
water at any single supply was chosen so that it would not
exceed the capacity of pots (18 cm in diameter, 15 cm tall,
2-L volume). Therefore, the total amount of water provided
to each pot was the same in both frequencies of water
supply throughout the experimental period. The amount of
water provided per day was 4.1 L m22, which was close to
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FI G. 1. Mean total biomass (+s.e.) at the treatment combination of water
heterogeneity (homogeneous or heterogeneous supply, as indicated) and nutri-
ent level (Low and High) at each plant density. At each density, columns
labelled with different letters differ significantly (P , 0.05, Bonferroni
multiple-means comparison test). Numbers inside each column give the

sample size for each treatment combination.
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the ‘medium water availability’ treatment in Maestre and
Reynolds (2007). The nutrient treatment had two levels: for
the low nutrient level, 5 g of slow-release fertilizer [Magamp
K, 6 : 40 : 6 : 15 (N-P-K-Mg); Hyponex Japan, Osaka, Japan]

was provided in each pot, versus 30 g for the high nutrient
level. The density treatment had four levels: one, three, six
and nine plants per pot. There were thus 16 treatment combi-
nations (two water heterogeneities × two nutrient levels ×

TABLE 1. Effects of water heterogeneity (W), nutrient level (N), plant density (D) and block on total biomass

(A) Three-way ANOVA

Source d.f. SS F-value P

W 1 91.45 78.09 ,0.001
N 1 6.59 5.62 0.018
D 3 1021.57 290.78 ,0.001
W × N 1 21.98 18.77 ,0.001
W × D 3 25.33 7.21 ,0.001
N × D 3 12.03 3.42 0.018
W × N × D 3 22.92 6.52 ,0.001
Block 17 84.28 4.23 ,0.001
Error 243 284.57

(B) Two-way ANOVA at each density

1-plant density 3-plant density 6-plant density 9-plant density

Source d.f. F-value P d.f. F-value P d.f. F-value P d.f. F-value P

W 1 14.08 ,0.001 1 0.76 0.387 1 40.80 ,0.001 1 51.23 ,0.001
N 1 0.08 0.774 1 0.48 0.492 1 3.30 0.075 1 15.83 ,0.001
W × N 1 0.01 0.912 1 36.85 ,0.001 1 13.45 ,0.001 1 0.02 0.885
Block 17 2.69 0.003 17 1.59 0.103 17 2.09 0.023 17 1.14 0.354
Error 51 49 49 43

TABLE 2. Analysis of covariance to test the effects of shoot biomass (S), water heterogeneity (W), nutrient level (N), plant density
(D) and block on root biomass

(A) ANCOVA for all densities

Source d.f. SS F-value P

S 1 9.87 193.09 ,0.001
W 1 4.23 82.76 ,0.001
N 1 8.41 164.58 ,0.001
D 3 3.94 25.66 ,0.001
W × N 1 0.94 18.44 ,0.001
W × D 3 1.17 7.64 ,0.001
N × D 3 0.35 2.30 0.078
W × N × D 3 0.09 0.57 0.632
Block 17 7.61 8.76 ,0.001
Error 242 12.37

(B) ANCOVA at each density

1-plant density 3-plant density 6-plant density 9-plant density

Source d.f. F-value P d.f. F-value P d.f. F-value P d.f. F-value P

S 1 119.12 ,0.001 1 31.84 ,0.001 1 28.65 ,0.001 1 19.46 ,0.001
W 1 0.85 0.361 1 17.87 ,0.001 1 48.03 ,0.001 1 31.39 ,0.001
N 1 117.85 ,0.001 1 59.63 ,0.001 1 37.69 ,0.001 1 6.62 0.014
W × N 1 7.28 0.010 1 2.39 0.129 1 0.89 0.349 1 11.72 0.001
S × W – – – – – – – – – 1 5.37 0.026
S × N 1 5.41 0.024 – – – – – – – – –
Block 17 1.59 0.104 17 3.47 ,0.001 17 4.01 ,0.001 17 3.81 ,0.001
Error 49 48 48 41

Interaction terms between the covariate and the treatments were removed if P . 0.10.
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four plant densities), and each combination was replicated 18
times.

Seeds of P. frutescens were obtained from the Atariya Seed
Co. (Chiba, Japan). The seeds were germinated on peat moss
in July 2007. Ten days after germination, seedlings with coty-
ledons and two leaves were transplanted into pots filled with a
homogeneous mixture of 800 mL of clay particles plus
800 mL of vermiculite, which contained the fertilizer and
was placed above a 150-mL base layer of clay particles. To
ensure a relatively even distribution of the plants, the seedlings
were spaced evenly around the perimeter of the pots. During
the subsequent week, each pot received 200 mL of water
every 2 d (i.e. a level intermediate between the two water het-
erogeneity treatments). Seedlings in each pot were thinned to
the required density 1 week after transplanting. The watering
regime began on the same day and was continued for 48 d,
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from late July to early September; thus, the watering regime
consisted of 12 repetitions of the 4-d watering cycle.

Soil moisture (volumetric water content) was measured with
an ECH2O soil moisture probe (Decagon Devices, Inc.,
Pullman, WA, USA) in three pots in each treatment combination
during the experimental period. Nutrient level and density treat-
ments were pooled so that the soil moisture in 24 pots was
measured in each water heterogeneity treatment. The measure-
ment was carried out every day before watering, except during
a 16-d period in August when technical problems prevented
measurements. Relative soil moisture content was calculated
as (Mm – Mmin)/(Mmax – Mmin), where Mm is the measured

soil moisture, and Mmin and Mmax are the minimum and
maximum values, respectively, that were recorded during the
experimental period (James et al., 2003). The temporal mean
value of the relative soil moisture content during the watering
regime was calculated. Also the mean variance of the relative
soil moisture content was calculated within each 4-d watering
cycle to permit a comparison of the variability in water avail-
ability between the water heterogeneity treatments.

Plants were harvested after the 48-d watering regime. Shoots
were cut at the soil surface, then all roots in each pot were care-
fully excavated from the soil. However, the roots could not be
separated into individual plants because they were entangled.
The shoots and roots were dried at 70 8C for at least 3 d and
were then weighed. Shoot biomass was defined as the sum of
individual shoots and total biomass was defined as the sum of
shoot and root biomass of each pot. To investigate the effects
of the treatments on intensity of intraspecific competition, two
indices were calculated: the absolute competitive intensity
(ACI) and the standardized competitive intensity. As the ACI,
the reduction in average biomass of a plant per pot under intras-
pecific competition compared with biomass in solitary plants
was used (Day et al., 2003). A formula of Day et al. (2003)
was adapted to calculate ACI as: Bo – Bw, where Bo is total
biomass without competition (i.e. one-plant density treatment)
and Bw is the average biomass of a plant per pot with competition
(i.e. three-, six- or nine-plant density treatments). Large values
of ACI indicate that competition is severe. As the standardized
competitive intensity, relative interaction index (RII) suggested
by Armas et al. (2004) was used to standardize biomass of plants
with the intraspecific competition to biomass without compe-
tition. A formula of Armas et al. (2004) was adapted to calculate
RII as: (Bo – Bw)/(Bo + Bw). The values of RII range from –1 to
1; positive for competition and negative for facilitation. With
ACI, the intensity of intraspecific competition is evaluated as
absolute value of biomass changes. With RII, competitive inten-
sity is evaluated as relative value; RII can be useful to compare
treatments that result in quite different plant growth. ACI and RII
were calculated for each block in each combination of water het-
erogeneity, nutrient level and plant density (three-, six- and nine-
plant density).

Data analysis

The effects of the water heterogeneity treatment on the tem-
poral mean of the relative soil moisture content and the mean
variance over the 4-d cycle were analysed by means of
one-way ANOVA. There were 24 replicates for each water het-
erogeneity treatment.

The effects of the treatments on total biomass were analysed
by means of three-way ANOVA. The dependent variable was
total biomass, and the independent variables were water het-
erogeneity, nutrient level, plant density and block. This was
followed by two-way ANOVA at each plant density to investi-
gate the differences in the effects of water heterogeneity and
nutrient level between plant densities. The dependent variable
was total biomass, and the independent variables were water
heterogeneity, nutrient level and block. Within each density,
the mean total biomass was compared between the treatment
combinations of water heterogeneity and nutrient level by
using Bonferroni multiple-means comparison test (P , 0.05).
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The effects of the treatments on ACI and RII were also ana-
lysed by means of three-way ANOVA followed by two-way
ANOVA at each density, as in the analysis of total biomass.

Also the effects of treatments on biomass allocation to roots
were investigated by means of analysis of covariance
(ANCOVA). Root biomass was treated as dependent variable
and shoot biomass as a covariate, instead of using root :
shoot ratios (Murphy and Dudley, 2007), because the use of
ratios to test biological hypotheses has been criticized
(Jasienski and Bazzaz, 1999; Müller et al., 2000).
Independent variables were shoot biomass, water heterogen-
eity, nutrient level, plant density and block. This analysis
was followed by ANCOVA at each density. The dependent
variable was root biomass, and the independent variables
were shoot biomass, water heterogeneity, nutrient level and
block. Shoot biomass was again treated as the covariate. The
least-squares mean of root biomass adjusted by the covariate
was calculated as the index of allocation to roots (Murphy
and Dudley, 2007). The least-squares mean indicates root
biomass standardized by grand mean of shoot biomass. The
interaction terms between the covariate and the treatments
were considered non-significant and removed from the final
model if P . 0.10.

Pots that included dead plants were removed from the ana-
lyses. Therefore, the numbers of replicates for the analyses
of total biomass, allocation to roots, ACI and RII varied
among the treatments. At the nine-plant density, there were
14 replicates for the high nutrient level plus homogeneous
water supply and high nutrient level plus heterogeneous
water supply treatments; at the six-plant density, there were
16 replicates for the low nutrient level plus heterogeneous
water supply treatment; and at the three-plant density, there
were 17 replicates for the high nutrient level plus homo-
geneous water supply and high nutrient level plus hetero-
geneous water supply treatments. There were 18 replicates

for the other treatments. All analyses were performed with
version 2.7.2 of R statistical software (R Development Core
Team, 2008).

RESULTS

Soil moisture

The mean of relative soil moisture did not significantly differ
between the water heterogeneity treatments (F1,46 ¼ 1.084,
P ¼ 0.303, ANOVA). However, the variance in the relative
soil moisture content for the 4-d cycle was significantly
affected by the water heterogeneity (F1,46 ¼ 214.68, P ,
0.001, ANOVA). Water availability in soil varied more under
heterogeneous supply (mean of the variance+ standard
error: 0.0230+ 0.0012) than under homogeneous supply
(0.0056+ 0.0003).

Biomass

The total biomass was larger under homogeneous water
supply than under heterogeneous water supply, particularly
nutrient level was high and plant density was high (Fig. 1
and Table 1). The effects of water heterogeneity on total
biomass differed among different combinations of nutrient
level and plant density; water heterogeneity interacted with
nutrient level at the three- and six-plant densities (Fig. 1 and
Table 1). At the three-plant density, total biomass was
greater under homogeneous supply at the high nutrient level,
while total biomass was larger under heterogeneous supply
at the low nutrient level (Fig. 1B and Table 1B). At the six-
plant density, total biomass was significantly larger under
homogeneous supply at the high nutrient level but not at the
low nutrient level (Fig. 1C and Table 1B).

TABLE 3. Effects of water heterogeneity (W), nutrient level (N), plant density (D) and block on ACI

(A) Three-way ANOVA

Source d.f. SS F-value P

W 1 46.48 31.98 ,0.001
N 1 0.00 0.00 0.978
D 2 80.34 27.64 ,0.001
W × N 1 2.92 2.01 0.158
W × D 2 0.26 0.09 0.915
N × D 2 0.56 0.19 0.824
W × N × D 2 1.96 0.67 0.511
Block 17 199.12 8.06 ,0.001
Error 175 254.36

(B) Two-way ANOVA at each density

3-plant density 6-plant density 9-plant density

Source d.f. F-value P d.f. F-value P d.f. F-value P

W 1 10.48 0.002 1 7.63 0.008 1 7.97 0.007
N 1 0.15 0.698 1 0.00 0.969 1 0.18 0.673
W × N 1 2.31 0.135 1 0.25 0.616 1 0.00 0.979
Block 17 2.08 0.024 17 2.42 0.008 17 2.26 0.016
Error 49 49 43
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Biomass allocation to roots versus shoots

Root biomass was significantly correlated with shoot
biomass (Table 2, F1,242 ¼ 193.09, P , 0.001). The relation-
ship between root biomass and shoot biomass, which means
allocation to roots versus shoots, differed between the treat-
ments (Fig. 2 and Table 2). The allocation to roots tended to
be larger under homogeneous water supply, particularly at
the low nutrient level and at high density, because the
least-squares mean root biomass was larger (Fig. 3 and
Table 2). The allocation to roots was also larger at the low
nutrient level and at high density (Fig. 3 and Table 2). Water
heterogeneity interacted with nutrient level at the one- and
nine-plant densities (Table 2B). At the one-plant density, the
allocation to roots was larger under homogeneous supply at
the low nutrient level, but larger under heterogeneous supply
at the high nutrient level (Fig. 3A and Table 2B). At the nine-
plant density, the allocation to roots was larger under homo-
geneous water supply, particularly at the low nutrient level
(Fig. 3D and Table 2B).

Intensity of competition

The ACI was greater under homogeneous water supply than
under heterogeneous water supply (Fig. 4 and Table 3). At
high density, ACI was also greater than at low density, while
the effects of nutrient level were not significant (Fig. 4 and
Table 3). The RII had positive value under all treatments
and was greater under homogeneous supply than hetero-
geneous supply, particularly at the low nutrient level (Fig. 5
and Table 4). In the analysis for each density, the effects of
water heterogeneity were significant only in three-plant
density (Table 4). At high density, RII was also greater than
at low density (Fig. 5 and Table 4). The results of indices of
competitive intensity mean competition was severer under
homogeneous water supply and at high density.

DISCUSSION

Intraspecific competition should affect plant responses to
resource heterogeneity and has been under-appreciated in most
previous studies of resource heterogeneity. The results clearly
illustrated that the response of plant biomass and its allocation
to water heterogeneity differed significantly between plant den-
sities (Tables 1 and 2). In addition, water heterogeneity should
affect intensity of competition (Tables 3 and 4). Competition
for resource acquisition may be intensified depending on the pat-
terns of resource supply. Because most studies of resource het-
erogeneity have been performed under a single plant density,
it is not fully understood how resource heterogeneity interacts
with intraspecific competition. Since both resource heterogen-
eity and competition affect resource acquisition and growth of
plants, their interaction should be evaluated more carefully
under the fields of resource heterogeneity and intraspecific com-
petition studies.

Biomass growth and allocation

Particularly at high densities, plant biomass and allocation
to roots were affected by water heterogeneity (Tables 1 and 2).

As densities increased, plants were more likely to encounter
water deficits and exhibit sensitivity to water heterogeneity.
In addition, plants at the higher densities may have increased
their responses to the variability in water availability because
plants have to absorb water before competing neighbours
cause the reduction the water availability. Under intraspecific
competition, plants may have received competitive cues from
neighbouring individuals such as root exudates and may
have altered their responses to water heterogeneity
(Novoplansky, 2009).

The plants under homogeneous supply tended to have
greater biomass than those under heterogeneous supply
(Fig. 1), which is consistent with the results of previous
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studies (Saeed and El-Nadi, 1998; Novoplansky and Goldberg,
2001; Maestre and Reynolds, 2007; but see Heisler-White
et al., 2008). The low variability in water availability under
homogeneous supply is likely to have allowed the plants to
take up water steadily, thereby allowing the plants to increase
their growth continuously. In addition, the plants under homo-
geneous supply allocated more biomass to roots versus shoots
(Fig. 3). Under homogeneous supply, a large allocation to
roots may have allowed plants to absorb water efficiently and
improve biomass growth.

In this study, the allocation to roots was affected by patterns
of variability in water availability, rather than mean water
availability, because the mean availability did not differ
between water heterogeneity treatments. Under heterogeneous
supply, water availability was regularly replenished by the
large quantity of water at each watering event, which would
have prevented increase of allocation to the roots. However,
plants under homogeneous supply led to the increase of allo-
cation to roots because of stable water availability. These
results contrast with those of Fay et al. (2003), who reported
that allocation to roots became greater under heterogeneous
supply in a rainfall manipulation experiment. Differences in
species involved and/or frequencies and amount of water
supply could cause the inconsistent results. Despite the differ-
ences in results, both studies clearly illustrated that water het-
erogeneity can affect the allocation to roots.

Plant responses to nutrient level would affect the sensitivity
to water heterogeneity. Water heterogeneity affected total
biomass particularly at the high nutrient level (Fig. 1 and
Table 1), because allocation to roots was smaller at the high
nutrient level than at the low nutrient level (Fig. 3 and
Table 2). Plants tend to increase allocation to roots under
nutrient-poor conditions so that nutrients are taken up effi-
ciently (Lambers et al., 1998) and the large root systems
also allow plants to exploit a larger volume of soil to absorb

water (Kramer, 1983). Because both nutrients and water are
absorbed by roots and affect biomass growth and allocation,
the effects of nutrients and water should be investigated simul-
taneously in resource heterogeneity studies (Maestre and
Reynolds, 2007; Hagiwara et al., 2008).

The current experimental design allowed the effects of water
heterogeneity and its interactions that are difficult to extract
from complex environments, especially in the field, to be elu-
cidated. The results suggest that water heterogeneity and its
interaction can be one of factors explaining the complex
phenomena in the fields. It is true that the term of the exper-
iment seemed relatively short (48 d). However, the experiment
included the total growth period of P. frutescens from seedling
establishment to flowering. Therefore, this experiment is con-
sidered as the snapshot of typical responses of an annual plant
species. In natural environments, P. frutescens plants are found
on the floor of evergreen forests where there is a gap in the
canopy. Because a plant rarely grows alone, it is important
to reveal the effects of intraspecific competition in populations
with various densities.

Intensity of competition

Homogeneous water supply can cause more intense compe-
tition of biomass growth than heterogeneous supply (Figs 4
and 5). Greater biomass growth under homogeneous supply
may have led to severer competition because of an increase
in demand for resources (Figs 1 and 4), and even with the
index standardized by plant size (RII), homogeneous supply
significantly increased the intensity of competition (Table 4).
Therefore, there can be other causes for increasing competitive
intensity under homogeneous supply in addition to greater
biomass. Under a homogeneous supply, water uptake of
plants may be concentrated in a small amount of water at
each supply. However, under a heterogeneous supply, plants

TABLE 4. Effects of water heterogeneity (W), nutrient level (N), plant density (D) and block on RII

(A) Three-way ANOVA

Source d.f. SS F-value P

W 1 0.09 7.79 0.006
N 1 0.02 1.76 0.187
D 2 3.59 150.21 ,0.001
W × N 1 0.07 5.63 0.019
W × D 2 0.05 2.18 0.116
N × D 2 0.02 0.98 0.377
W × N × D 2 0.06 2.45 0.089
Block 17 1.35 6.64 ,0.001
Error 175 2.09

(B) Two-way ANOVA at each density

3-plant density 6-plant density 9-plant density

Source d.f. F-value P d.f. F-value P d.f. F-value P

W 1 6.77 0.012 1 0.57 0.453 1 0.46 0.500
N 1 0.01 0.917 1 0.73 0.397 1 3.47 0.069
W × N 1 5.55 0.023 1 1.21 0.278 1 0.03 0.865
Block 17 1.93 0.038 17 2.09 0.023 17 2.04 0.030
Error 49 49 43
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may share a large amount of water at each supply with compet-
ing neighbours. Homogeneous supply can cause not only
greater biomass growth (Fig. 1), but also severer competition
for water (Figs 4 and 5).

Day et al. (2003) reported that nutrient heterogeneity also
affected intensity of competition. Competition under a
spatially heterogeneous nutrient supply can concentrate on
small nutrient-rich patch and become severer than a homo-
geneous supply. In this study, competition was severer under
a temporally homogeneous water supply than under a hetero-
geneous supply (Figs 4 and 5). Patterns of resource supply
that would cause a concentration of resources will increase
intensity of competition, although the effects of resource
heterogeneity on intensity of competition would differ
among spatial and temporal heterogeneities.

Conclusions

This study revealed that plants respond differently to water
heterogeneity at different plant densities. In addition, water
heterogeneity can affect intensity of competition. Temporally
homogeneous water supply can cause a concentration of
resources and severer competition than a heterogeneous
water supply. The interactive effects of resource heterogeneity
and intraspecific competition should be evaluated more care-
fully in further studies.
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