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Summary

1

 

Many tropical forest tree species show habitat preference, commonly revealed by
differences in abundance among habitats. Very little is known about differences in
individual performance and population dynamics across habitats.

 

2

 

We analysed habitat-specific performance and demography of 

 

Scaphium borneense

 

, a
tropical rain forest tree with strong habitat preference in a 52-ha plot at Lambir Hills, Malay-
sia. This species occurs at high densities on ridges with sandy soils (‘preferred habitat’),
at low densities in valleys on loamy soils (‘non-preferred habitat’) and at intermediate
densities on slopes. We used 10-year demographic data to compare tree performance
across habitats and constructed population matrix models to analyse population dynamics.

 

3

 

Tree performance was rather similar across habitats. Some vital rates (mortality) did not
differ among habitats, while others were modestly ( juvenile tree growth) to substantially higher
(recruitment) in the non-preferred valley habitat, probably due to higher canopy openness.

 

4

 

Matrix models projected population sizes to remain stable in all habitats, thus
maintaining abundance differences across habitats. This suggests that habitat prefer-
ence of 

 

Scaphium

 

 is generated by (a)biotic differences among habitats and not by chance
processes or disturbance history.

 

5

 

Population dynamics were also very similar among habitats. The distribution of elas-
ticity values over categories and vital rates was almost equal for the three habitats. Life
table response experiment (LTRE) analysis showed that habitat differences in vital rates
had little effect on 

 

λ

 

. Thus, 

 

Scaphium

 

 populations in the three habitats are maintained
in a very similar way, despite differences in (a)biotic conditions and abundance.

 

6

 

We hypothesize that habitat preference of 

 

Scaphium

 

 is maintained because of a better
performance in its preferred habitat relative to other species in that habitat, while the
reverse may be true in non-preferred habitats. We suggest that such differences in
performance may become apparent during periods of drought, creating windows of
opportunity for maintaining density differences.

 

7

 

Strong habitat preference of rain forest tree species does not necessarily imply strong
differences in tree performance, demography or population growth across habitats. The
mechanisms that generate density differences across habitats remain to be unravelled.
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Introduction

 

Niche differentiation is commonly proposed to explain
coexistence of species in diverse plant communities
(Silvertown 2004). According to this hypothesis, plant
species that are specialized for certain sets of environ-
mental conditions can coexist because each is a slightly
better competitor in its own niche, provided that there
is sufficient environmental variation (in time and space).
Tropical rain forests are particularly rich in species, and
niche differentiation with respect to light availability,
soil fertility and water availability has been put forward
to explain their diversity. If niche differentiation occurs,
species are expected to occur at higher density in areas
with environmental conditions for which they are best
adapted, while their density will be lower in ‘niche mar-
gins’, and may reach zero if  conditions are (strongly)
unfavourable. In tropical forests, numerous studies
have reported density-differences for tree species across
environmental gradients, e.g. with respect to under-
storey light conditions (Clark & Clark 1992; Poorter
& Arets 2003; Yamada 

 

et al

 

. 2006a), topography
(Bunyavejchewin 

 

et al

 

. 2003; Sri-Ngernyuang 

 

et al

 

. 2003;
Yamada 

 

et al

 

. 2006c), edaphic conditions (Baillie 

 

et al

 

.
1987; Phillips 

 

et al

 

. 2003; Palmiotto 

 

et al

 

. 2004; Paoli

 

et al

 

. 2006) or their combination (Davies 

 

et al

 

. 1998;
Svenning 1999; Webb & Peart 2000; Harms 

 

et al

 

. 2001;
Itoh 

 

et al

 

. 2003a). In some forest areas, a large share of
the tree species exhibit density differences across habi-
tats, e.g. in Lambir Hills National Park, Malaysia, 73%
of 764 tree species were either positively or negatively
associated with edaphic conditions (Davies 

 

et al

 

. 2005).
While the occurrence of niche differentiation implies
that species show density variation along environmental
gradients, not all density differences are necessarily the
result of niche differentiation. Such variation can also

be generated by historical patterns of dispersal, coloniza-
tion or disturbance history (Hubbell & Foster 1986;
Harms 

 

et al

 

. 2001; Baker 

 

et al

 

. 2005).
Understanding how density differences between

habitats are generated and maintained requires infor-
mation on population dynamics in those habitats.
Demographic comparisons across habitats have been
made for plants in rather distinct habitats in temperate
grasslands (e.g. Jongejans & de Kroon 2005; Angert
2006) and in successional stages of  tropical forests
(e.g. Alvarez-Buylla 1994; Horvitz & Schemske 1995;
Martinez-Ramos & Samper 1998; Svenning 2002).
However, such evaluations are lacking for the large
group of non-pioneer canopy tree species in tropical
forests that exhibit habitat preference with respect to
topography or soil conditions.

Here we report on habitat-related variation in tree
performance and demography of 

 

Scaphium borneense

 

(Merr.) Kosterm., a non-pioneer canopy tree species in
a Bornean tropical rain forest. Our study species is
abundant in Lambir Hills National Park, Malaysia,
and is strongly and positively associated with ridges on
sandy soils, ‘ridge habitat’, negatively associated with
valleys on loamy soils, ‘valley habitat’, and not with
slopes, ‘slope habitat’ (Fig. 1; Yamada 

 

et al

 

. 2006c). On
ridges, 

 

Scaphium

 

 tree abundance (

 

≥

 

 1 cm d.b.h., diam-
eter at breast height) is almost 9 times higher than in the
valley and 2.5 times higher than on slopes.

For a species with strong habitat preference, one
would expect among-habitat differences in vital rates
(growth, survival and recruitment) as a response to vari-
ation in abiotic conditions, forest structure and forest
composition (Yamada 

 

et al

 

. 2006c). Such differences
may then generate variation in population dynamics
among habitats. Using matrix models to analyse
population dynamics, differences in dynamics across

Fig. 1 Spatial distribution of Scaphium borneense and habitats in a 52-ha plot in Lambir Hills National Park. Each of the 1300,
20 × 20 m subquadrats of the plot were assigned to one of eight habitats by the combination of edaphic and topographic features
and the association of Scaphium borneense with these habitats was analysed by using a torus-translation test. Dark, light grey and
white squares show habitats with which S. borneense is negatively, neutrally and positively associated, which are termed ‘valley
habitat’, ‘slope habitat’ and ‘ridge habitat’, respectively (Yamada et al. 2006c). Points show the position of all S. borneense trees
of ≥ 1 cm d.b.h. in 1997. Isoclines are drawn for every 10 m in elevation above sea level.
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habitats can be interpreted with LTRE analysis (life
table response experiment, e.g. Angert 2006).

We address the following questions. (i) Do vital rates
(survival, growth and recruitment) differ among habitats?
(ii) Do population growth rates differ among habitats?
(iii) Do population dynamics differ among habitats? To
answer these questions, we used 10-year demographic
data from a population of 

 

>

 

 1200 trees in the Lambir
Hills forest dynamics plot. Using these data we con-
structed habitat-specific population matrix models,
calculated population growth rates and used prospec-
tive (elasticity) and retrospective (life table response
experiments, LTRE) analyses to compare population
dynamics across habitats.

 

Methods

 

   

 

We performed our study in an equatorial rain forest in
Lambir Hills National Park, East Malaysia (3

 

°

 

12

 

′

 

 N,
114

 

°

 

00

 

′

 

 E). Lambir Hills National Park is covered by
about 7000 ha of primary dipterocarp forest. Annual
rainfall averages around 3200 mm. The climate is largely
aseasonal, but occasionally there are dry periods, e.g. in
early 1998 when a very severe drought occurred (Potts
2003). Details of the climate, soils and vegetation are
provided by Watson (1985).

Within the Lambir park, a 52-ha study plot has been
established to monitor all trees 

 

≥

 

 1 cm in d.b.h. (diameter
at breast height, or 130 cm from the ground). The 52-ha
plot was divided into 1300, 20 

 

×

 

 20 m subquadrats. All
trees 

 

≥

 

 1 cm in d.b.h. were tagged, mapped, identified
and their d.b.h. was measured to the nearest 1 mm in
1992. In 1997 and 2002, all trees inventoried in previous
censuses were re-measured and newly recruited trees

 

≥

 

 1 cm in d.b.h. were censused.
The 52-ha plot is topographically (Yamakura 

 

et al

 

.
1995), as well as edaphically (Palmiotto 

 

et al

 

. 2004)
heterogeneous and the spatial distribution of many
woody species follows this variation (Davies 

 

et al

 

. 1998;
Itoh 

 

et al

 

. 2003a). For example, Yamada 

 

et al

 

. (2006c)
divided the 1300 20-m by 20-m subquadrats into eight
habitats by the combination of edaphic and topographic
features and analysed the species–habitat associations
of 10 Sterculiaceae species. Eight of these 10 species
had statistically significant habitat associations. In the
present study, we selected 

 

Scaphium borneense

 

, a can-
opy species. This species was negatively associated with
the valley habitat that is located on finer textural soils
of high fertility, while the ridge habitat to which the species
was positively associated is on coarse textured soils with
low nutrient levels. The water-holding capacity of finer
textural soils is probably larger than in coarse-textured
soils. Finally, the topography of the ridge habitat leads
to stronger soil water run-off and thus lower water
availability, particularly during periods of water deficit.
In the valley, water logging may lead to anoxic conditions
for young roots during wet periods.

 

  

 

We calculated basal area (BA) and community-level
tree density for each of 1300 subquadrats using census
data from 1992 and 1997. To characterize the light climate
of subquadrats, we calculated canopy closure index
(

 

CCI

 

community

 

) (Lieberman 

 

et al

 

. 1995) at four corners of
subquadrats at a height of 1.99 m, which corresponds
to the average height of 

 

Scaphium borneense

 

 at 1 cm d.b.h.
The 

 

CCI

 

community

 

 provides an estimate of the light cli-
mate based on the density and height of neighbouring
trees within 10 m distance (Lieberman 

 

et al

 

. 1995).
Tree height was estimated using the community-wide
allometry equation of Yamakura 

 

et al

 

. (1996). For the
calculation of 

 

CCI

 

community

 

, only trees standing erectly
with sound appearance were included. We excluded
subquadrats along the border of the 52-ha plot.

 

   

 

S C A P H I U M

 

 

 

B O R N E E N S E

 

Growth, mortality and fecundity of 

 

Scaphium borneense

 

were estimated based on the 1992, 1997 and 2002 census
data of  the 52-ha plot. Annual mortality rate was
calculated for three size categories of small (d.b.h. 

 

<

 

 5 cm),
medium (5 cm 

 

≤ 

 

d.b.h. 

 

<

 

 20 cm) and large (d.b.h. 

 

≥

 

 20 cm)
following Sheil 

 

et al

 

. (1995). These size categories were
chosen to obtain an even distribution of sample sizes.

Annual d.b.h. growth was determined for all trees as
the slope of a linear regression of d.b.h. against time
and was averaged per size category. Period and habitat
effects on d.b.h. growth were then analysed using a
two-way 

 



 

. We did not apply repeated measure

 



 

 as trees that recruited or died would have been
excluded, leading to bias in average growth.

To characterize light climate of  each 

 

Scaphium
borneense

 

 tree, the 

 

CCI

 

Scaphium

 

 was calculated based on
the 1992 and 1997 censuses. We estimated the 

 

Scaphium
borneense

 

 height from d.b.h. following Yamada 

 

et al

 

.
(2006b). Again, trees within 10 m distance from the
52-ha plot margin were excluded.

 

   

 

S C A P H I U M

 

 

 

B O R N E E N S E

 

Parameterization of matrix models

 

Size-classified projection matrices were used to project
the size and structure of populations in time (Caswell
2001). We divided the population into nine d.b.h.
categories of 5-cm width, except for the first category
(1–5 cm d.b.h.). Matrix models have the basic form

 

n

 

(

 

t

 

 + 1) 

 

=

 

 

 

An

 

(

 

t

 

), where 

 

A

 

 is a square matrix with trans-
itions among size classes during 1 year, and 

 

n

 

 is the
population vector containing densities of individuals
in size classes. The dominant eigenvalue (

 

λ

 

) of  matrix

 

A

 

 is equivalent to the population growth rate. The stable
population structure is the right eigenvector. We measured
the distance between the stable population structure
generated by the matrix and observed size structure by
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Keyfitz’s 

 

∆

 

 (Caswell 2001). Six matrices were con-
structed for each combination of habitat and period.

In our size-classified matrix model, elements 

 

a

 

ij

 

 (with

 

i

 

 denoting row number and 

 

j

 

 column number) of tran-
sition matrix 

 

A

 

 can be grouped into those representing
stasis (

 

P

 

j

 

, the probability of surviving and remaining in
size-class 

 

j

 

 over the time interval), progression (

 

G

 

ij

 

, the
probability of surviving and growing from size-class 

 

j

 

to 

 

i

 

, i = j + 1), and fecundity (Fj, the number of sexual
offspring produced by an individual in stage j). Matrix
elements were built from underlying vital rates, which
are survival (σ), growth (γ) and reproduction output
( f ), to which they are related by Pj = σj × (1 − γj /cj), Gij =
σj × γj /cj (of which cj is category width), and Fj = σj × fj.
The reproductive output ( fj) at a habitat was calculated
as the quotient of abundance of newly recruited trees
and the abundance of  adult trees, both within the
habitat. We assumed that reproduction starts when trees
reach the canopy, at 20 cm d.b.h., and that the propor-
tion of reproductive individuals increases linearly with
tree height, and reaches 100% when trees attain the
canopy at 37.5 cm d.b.h. (30 m height).

We first tested the difference in vital rates among
habitats as well as between census periods. When no
significant difference was found, variation between
habitat and census period was ignored and the average
of habitats or census periods was used to parameterize
matrices. If  case vital rates differed significantly among
census periods or habitats, period- or habitat-specific
values were used in the matrices.

Matrix analyses

We calculated the dominant eigenvalue (λ) of all six
matrices and estimated the 95% confidential limit of
λ using the series approximation approach (Caswell
2001). This method calculates the variance of λ by sum-
ming over all categories and vital rates, the product of
variation in a vital rate and the squared sensitivity of
that vital rate (see p. 218 in Caswell 2001; Zuidema &
Franco 2001). As we lacked information on variation
in fecundity, this variation was not included in the
calculation, thus leading to a slight underestimation of
the confidence interval.

To detect differences in population dynamics among
habitats, we conducted elasticity analyses and life table
response experiments (LTRE). Elasticity analysis con-
siders the impact of a proportional change in a matrix
element on proportional change in λ (de Kroon et al.
1986). This can also be calculated for vital rates by mul-
tiplying vital rate sensitivity (see p. 218 in Caswell 2001;
Zuidema & Franco 2001) by x/λ, where x is the value of
the vital rate under consideration. Note that unlike
matrix element elasticities, vital rate elasticities do not
sum to 1. Analysis of life table response experiments
(Caswell 2001) quantifies the contribution of vital rates
to the observed difference in population growth rate (λ)
among habitats or between periods. In addition, in the
case where differences in λ are very small or zero, LTRE

analysis may still reveal to what extent dynamics are
different as in this case a positive contribution of one
vital rate (e.g. due to higher growth in one habitat) may
be outweighed by negative contributions of other vital
rates (e.g. due to lower fecundity).

We applied a fixed-design LTRE as this allowed us to
quantify the effects of habitat and period (Jongejans &
de Kroon 2005). The LTRE model with two factors of
habitat and period is:

λ(mn) = λ(··) + α(m) + β(n) + (αβ)(mn)

in which a given λ for habitat m and period n, λ(mn), is
written as the sum of the dominant eigenvalue of the
mean of all matrices, λ(··), the main effect of habitat m,
α(m), the main effect of period n, β(n), and the residual
interaction effect (αβ)(mn) (Caswell 2001). In order to
show the magnitude and direction (positive or nega-
tive) of the contributions of each vital rate, these effects
were decomposed into contributions per vital rate, only
for the main effects (Caswell 2001):

in which differences between the value of a vital rate
 of the mean-habitat matrix A(m·) or x (·n) of  the

mean-period matrix A(·n) and the overall mean vital rate
 of matrix A(··) are multiplied by the sensitivity of

that vital rate calculated for a matrix midway between
the matrix of interest and the overall mean matrix.

The results of our LTRE analysis only contain the
contributions for those vital rates that were significantly
different among habitats or periods. By testing for
differences in vital rates between habitats and periods
before constructing the transition matrices, we prevented
LTRE contributions being caused by statistically non-
significant differences in vital rates. This is relevant, as
such small differences in vital rates with a high sensitivity
may lead to a high LTRE contribution, thus obscuring
the interpretation of LTRE analysis results.

Results

  

We found significant differences in basal area (BA),
community-level tree density and canopy closure index
(CCIcommunity) among habitats (, P < 0.05). The
ridge habitat had largest BA (mean ± standard error =
53.4 ± 0.94 m2 ha−1 in 1992), community-level tree density
(293.6 ± 3.70 per 400 m2) and CCIcommunity (78.7 ± 0.93,
i.e. the most shaded light climate), whereas valley habitat
had smallest BA (37.3 ± 0.66), community-level tree
density (259.8 ± 2.60) and CCIcommunity (62.0 ± 0.65).
Values for the slope habitat were intermediate: BA
(43.0 ± 0.93), community-level tree density (291.1 ±
3.64 in 1992) and CCIcommunity (74.0 ± 0.90). Note that
the 10% higher community-level tree density in the
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ridge habitat was small compared with the nine-fold
higher density of S. borneense in that habitat (Table 1).
Differences for 1997 were similar.

 

The mortality rates for all aggregate size categories,
habitats and census periods were highly similar (Fig. 2a)
and we did not find significant differences among aggre-
gate size categories, habitats or periods (G-test, P =
0.22). Still, mortality rate of small trees (< 5 cm d.b.h.)
tended to be higher than that of larger trees in almost

all habitat and period combinations (Fig. 2a), in accord-
ance with observations from this plot (Potts 2003) and
long-term studies in other plots (e.g. Condit et al. 1995).
Our limited sample size probably precluded finding
statistical differences, but as we expect size-dependent
survival in S. borneense to be similar to that found in
overall community level, we parameterized our matrix
models using a slightly lower annual survival rate for
trees < 5 cm d.b.h. (0.982) than for the rest (0.990).

Two-way s of d.b.h. growth showed significant
effects for habitat, period and their interaction, for
each of the three aggregate size categories (Table 2).
Significant differences were found for small trees in
1992–97 (ridge < valley and slope) and in 1997–2002
(ridge < valley), and for medium-sized trees in 1992–97
(slope < ridge and valley, Fisher’s LSD test; Fig. 2b).
Diameter at breast height growth was faster in 1997–
2002 than in 1992–97. Significant differences among all
size categories were found in the ridge habitat.

Canopy closure index (CCIScaphium) was significantly
influenced by habitat, period and their interaction
(Table 2). Post-hoc tests (Fisher’s LSD, Fig. 2c) revealed
that light levels for small and large trees were generally
lower in ridge habitat compared with the other two
habitats.

Fig. 2 Mortality rate (% year−1) (a), d.b.h. growth rate (cm year−1) (b) and canopy closure index, CCIScaphium (c) of Scaphium
borneense in three aggregate size classes of small (d.b.h. < 5 cm), medium (d.b.h. 5–20 cm), and large (d.b.h. ≥ 20 cm) in valley
(solid bars), slope (hatched bars), and ridge (open bars) habitats. Mean and SE (error bars) are shown. Different letters above the
bars indicate significant differences among habitats but within size class (G-test for mortality rates and Fisher’s LSD tests
for d.b.h. growth rate and canopy closure index, P < 0.05). *No mortality observed.

Table 1 Observed changes in Scaphium borneense popula-
tions (individuals ≥ 1 cm d.b.h.) in three habitats over 10 years
in a 52-ha plot in the Lambir Hills National Park

Habitat Valley Slope Ridge Total

Area (ha) 26.16 13.12 12.72 52.00
Abundance in 1992 176 301 757 1234
Density in 1992 (ha−1) 6.73 22.94 59.51 23.73
Mortality in 1992–97 14 19 54 87
Mortality in 1997–2002 13 23 55 91
Recruits in 1992–97 35 47 137 219
Recruits in 1997–2002 46 77 151 274
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Tree recruitment (the number of newly recruited trees
of > 1 cm d.b.h. per adult tree) was similar among habitats
in 1992–97, but differed for 1997–2002. In 1992–97, 0.89,
0.80 and 0.65 new trees appeared per adult tree, in the
valley, slope and ridge habitats, respectively (G-test, P =
0.69). In 1997–2002, these values were higher for the valley
(1.17) and slope (1.32) habitat than for the ridge habitat
(0.72, P < 0.0001). Overall, recruitment was signifi-
cantly higher in the second census period (P < 0.05).

 

Our six transition matrices (Appendix 1) differed with
respect to growth rate (both among habitats and periods)
and recruitment rate (idem), but not with respect to
survival (as no significant difference was found among
habitats or periods). The stable size distributions resem-
bled the observed size structure well, particularly in the
ridge habitat. The minimum, maximum and average
(± SD) Keyfitz’s ∆ were 0.046, 0.229, 0.124 (± 0.070),
respectively, indicating that differences were small.

Population growth rates (λ) were slightly above unity
for all six combinations of habitat and census period and
hardly differed among habitats or periods. The 95% con-
fidence interval of λ included the value of 1 in all cases
(Fig. 3), suggesting that asymptotic population growth
rates are not different from 1 and population sizes are
maintained over time. The 95% confidence intervals also
overlapped with each other, showing that population
growth rates are not different among habitats or periods.

Differences in population dynamics among habitats
and periods were assessed in two ways: by elasticity
analysis and LTRE analysis. Elasticity analysis showed
that survival had the largest influence on population
growth rates, for all combinations of habitat and census
period, while growth and fecundity had much lower
importance (Fig. 4). The distribution of elasticity val-
ues over vital rates was very similar among habitats and
between periods. Likewise, the size-dependent pattern
of elasticities also showed strong resemblance among
habitats and periods.

The results of the analysis of life table response
experiments (LTRE) for two-way (habitat and period)
decomposition of the variation in λ closely approached
the differences in λ among the six matrix models: on
average the observed change in λ differed by only

0.87% from the summed LTRE contributions. This
indicates that LTRE contributions provided a very
accurate estimate of the effects on λ (Caswell 2001).

The LTRE analysis revealed that habitat and census
period had small effects on λ, with an absolute maxi-
mum contribution of just 0.002 to the value of λ. The
habitat and period effects were sometimes of different
sign, indicating that certain periods or habitats would
increase λ, while others decrease λ (Table 3). On aver-
age, the absolute period effect was somewhat larger
than the habitat effect. Thus, the variation in popula-
tion dynamics among periods was more important in
determining the value of λ than the variation among
habitats. The interaction effects of habitat and period
were smaller than the main effects but were still relatively

Table 2 Results of two-way s of d.b.h. growth rate and canopy closure index, of which factors are habitat and census-period
for three size categories of small (d.b.h. < 5 cm), medium (d.b.h. 5–20 cm) and large (d.b.h. ≥ 20 cm) of Scaphium borneense

Effect d.f.

Dbh growth rate Canopy closure index (CCI) 

Small 
F

Medium 
F

Large
F

Small 
F

Medium 
F

Large
F

Habitat 1 11.6*** 1 1.11 20.5*** 1.6 8.5***
Census period 2 0.5 1 5.2* 14.4*** 0 0
Census period × habitat 2 0.8 3* 0.28 2.35 0.6 0.1

Significance is denoted by asterisks, *P < 0.05, **P < 0.01 and ***P < 0.001.

Fig. 3 Projection population growth rates (λ) of Scaphium
borneense in valley, slope and ridge habitats in a 52-ha plot in
Lambir Hills National Park. The vertical bars show 95%
confidence intervals of λ.
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large, suggesting that the main period effect was not
similar for all habitats, and vice versa.

When looking in more detail at the LTRE habitat
effects, we can see that demographic differences among

habitats were very small, with the maximum absolute
contribution of a vital rate to λ amounting to just
0.0011 (Fig. 5). In the slope habitat, which had a
positive habitat effect (Table 3), the contributions of
almost all vital rates were positive, due to moderately
higher values for the vital rates compared with the
across-habitat average. For the other two habitats, con-
tributions of vital rates were stronger, but also often
differed in sign. For example, in the ridge habitat,
the negative contributions of fecundity and growth of
small trees (category 1; 1–5 cm d.b.h.) are partially off-
set by positive contributions of growth of larger trees
(categories 2–4; 5–20 cm d.b.h.), resulting in a negative
habitat effect. The opposite pattern of vital rate contri-
butions was observed for the valley habitat: here, the
negative contributions of growth in categories 2–4 were
almost offset by positive contributions of fecundity and
growth of category 1, still causing a slightly negative
habitat effect.

Discussion

    

Differences in soil, topography and understorey light
among habitats have probably generated variation in

Fig. 4 Vital rate elasticity values for population projection matrices of Scaphium borneense in different habitats and periods in a
52-ha plot in Lambir Hills National Park. Shown are elasticity values for survival (squares), growth (circles) and fecundity
(triangles). a, valley habitat for 1992–97; b, valley habitat for 1997–2002; c, slope habitat for 1992–97; d, slope habitat for 1997–2002;
e, ridge habitat for 1992–97; f, ridge habitat for 1997–2002. Size classes are 5-cm d.b.h. categories (1–4 cm d.b.h., 5–10 cm d.b.h., etc.).

Table 3 Magnitude of the different effects in decomposition
analysis (LTRE) of variation in population growth rate. The
mean and standard deviation (SD) of the absolute values of all
levels within a LTRE effect are also given

LTRE effect (×1000) 

Habitat
Valley −0.260
Slope 0.946
Ridge −2.033
Mean ± SD of | αm | 1.080 ± 0.894

Census-period
1992−1997 −1.920
1997−2002 1.690
Mean ± SD of | βn | 1.805 ± 0.162

Interaction between habitat and census period
Valley 1992–97 −1.025
Valley 1997–2002 1.175
Slope 1992–97 0.315
Slope 1997–2002 −0.802
Ridge 1992–97 0.402
Ridge 1997–2002 −0.403
Mean ± SD of | αβmn | 0.687 ± 0.365
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diameter growth for S. borneense. Our data show that
diameter growth of small trees was faster in the valley
habitat, which can probably be explained by higher
understorey light conditions and potentially by the
supposed higher soil nutrient and moisture levels. This
pattern corresponds with the results of Ashton & Hall
(1992), who studied d.b.h. growth over 20 years in Lambir
and two other Sarawak sites, and Russo et al. (2005),
who reported soil-related differences in diameter growth
in the same plot: trees on clay or fine loam soils had
faster growth than those on sandy-loam soils, although
this correlative relation does not imply that soil struc-
ture or fertility is causing the differences, as variation in
soil types is associated with that in forest structure and
composition. For larger trees, we did not find consistent
differences in diameter growth among habitats. For
example, trees of 5–20 cm d.b.h. in the slope habitat

had the fastest growth rate although the CCIScaphium was
not lowest (Fig. 2b,c).

Habitat-related differences in resource availability
may affect the mortality rates of S. borneense, too.
Because the ridge habitat probably has the lowest soil
nutrients and levels of moisture, as well as the heaviest
shaded forest understorey, one would expect the high-
est mortality there. However, no significant differences
in mortality rate were found among habitats (Fig. 2a).
In the study site, a very severe drought took place in 1998.
Potts (2003) showed that during the drought (1997–98)
community level mortality rate of trees > 1 cm d.b.h.
(7.6% year−1) was three times higher than that during
the pre-drought period (2.4% year−1). Mortality esti-
mates over the 5-year period (1997–2002) including the
drought, confirm this, showing a 0.5% higher annual
mortality (T. Yamada, unpublished results). In contrast
to this community-wide pattern, mortality of S. borneense
trees was very similar in 1997–2002 (1.64% year−1) com-
pared with 1992–97 (1.45% year−1) (Fig. 2). The reason
for this may be that S. borneense is well adapted to
lower water availability on sandy loam ridges (Ashton
1980) because, among other things, it has relatively
deep roots (Yamada et al. 2005). Meteorological data
suggest that drought events occur regularly in Lambir,
clearly particularly affecting trees on ridges (Whitmore
1984; Potts 2003).

Recruitment rates differed among habitats in the
second census period (1997–2002), which included the
El Niño year: we found higher recruitment (expressed
as new recruits per adult tree) in the slope and valley
habitats. The lower recruitment on ridges contrasts with
the results of other studies in Lambir, which generally
found higher fruit production (Itoh et al. 2003b) and
seedling establishment (Itoh 1995) in positively associated
habitats. As our recruitment rates are for 1-cm d.b.h.
trees, they also contain demographic processes after
seedling establishment. The lower recruitment on ridges
may be associated with lower growth in that habitat due
to relative low light availability and negative density-
dependence in growth and survival of seedlings in that
habitat (e.g. Condit et al. 1994; Blundell & Peart 2004).

    
 

Scaphium borneense did not show significant differ-
ences in population growth rate (λ) among habitats.
Populations are projected to maintain stable sizes in all
habitats, as population growth rates (λ) are not distin-
guishable from 1. Observed dynamics over the 10-year
observation period (Table 1) also do not show changes
in the relative abundance among habitats. These results
are in accordance with our expectation that population
sizes in all habitats would remain stable in the case that
habitat preference is maintained by environmental
differences among habitats and their associated differ-
ences in forest structure or composition. If habitat pre-
ference had been generated by chance factors (Hubbell

Fig. 5 Habitat effects in the decomposition of variation
(LTRE) in population growth rate (λ) in Scaphium borneense
in a 52-ha plot in Lambir Hills National Park. Shown are vital
rate contributions for growth (open bars) and fecundity (solid
bars). Size classes are 5-cm d.b.h. categories (1–4 cm d.b.h.,
5–10 cm d.b.h., etc.).
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& Foster 1986) or historical effects (Baker et al. 2005),
one would have expected differential population growth
rates and population structures among habitats. In that
case, the habitat association would also not have been
less consistent across the study area (Fig. 1). Thus, based
on these results, we argue that habitat preference in
S. borneense is likely to be caused by intrinsic differences
among habitats.

In spite of the absence of habitat-dependent variation
in population growth rate, population dynamics may
still differ among habitats, as populations in different
habitats may be maintained in different ways (e.g. Angert
2006). However, such variation was not observed in the
analyses of elasticity and LTRE. First, elasticity values
were highly similar among habitats, both in terms of
distribution over vital rates and size-dependent patterns.
For all combinations of habitat and period, elasticity
distributions over vital rates were representative of those
generally observed for long-lived woody species (Franco
& Silvertown 2004). Secondly, LTRE analysis showed
that population dynamics were only subtly different
among habitats. The habitat effect was small, indicating
that differences in habitat caused only small differences
in population growth rate (Table 3). Similarly, the con-
tributions of vital rates to the habitat effect are also
small (Fig. 5), indicating that observed differences in
vital rates between habitats have limited consequences
for population growth. Combining the results from elas-
ticity and LTRE analyses, we conclude that in spite of
its very strong habitat preference, S. borneense shows very
little variation in population dynamics among habitats.

A remarkable result of  the LTRE analysis is that
differences among habitats were less important for popu-
lation growth than those in between census periods
(Table 3). Most likely, the relatively strong period effect
reflects differences in climatic conditions, gap formation
and canopy openness between census periods. As the
second period included a severe drought event leading
to high community-wide tree mortality (Potts 2003),
recruitment and seedling growth could have been favoured
by increased gap formation following the drought. Indeed,
population sizes in all habitats increased more in the
second census period than in the first period (Table 1).
The combination of continued low mortality rates, and
higher growth rates in the second period, probably
explains the small (though insignificant) increase in
population growth. Similarly, increases in population
size following dry El Niño periods were also found in
Panama (Condit et al. 2004). Such dry periods may lead
to increased relative abundance of drought-tolerant
species such as S. borneense, in particular on ridges and
sandy-loam soils where water availability is lowest.

Are subtle differences in tree performance and
population dynamics among habitats to be generally
expected for tree species with habitat preference in
tropical rain forests? Some results for individual vital
rates do point in this direction: a community level ana-
lysis of tree growth and mortality at our study site showed
that species with optimal habitat in poor resource

conditions maintained slow growth and low mortality
rates, even when growing on richer resource conditions
(Russo et al. 2005). To the extent that these studies are
representative, one may therefore expect to find similar
subtle differences for other rain forest tree species. In
general, subtle differences can be expected in highly
diverse tropical forests such as Lambir, as variation in
vital rates tends to be small in these forests (Condit
et al. 2006). Nevertheless, our test for S. borneense
requires wider application to other species and in other
rain forest regions, to confirm this expectation.

     
   

Our detailed analysis for Scaphium borneense shows that
strong habitat preference does not necessarily imply
strong differences in tree performance or population
dynamics. Then, the question arises of how the observed
large differences in density are generated and how they
are maintained. Our results provide a cautious start to
unravelling the mechanisms responsible for habitat
associations, partly following the ‘storage effect’ hypo-
thesis of Chesson (2000). First, differences in (a)biotic
conditions across habitats may lead to differential
performance of S. borneense trees relative to that of
surrounding heterospecific trees. For instance, diame-
ter growth of S. borneense on ridges may be higher than
that of  other species because of  its better adaptation
to water shortage (Yamada et al. 2005). In this way, S.
borneense trees may have a competitive advantage in
their preferred habitat. These relative differences may
be increased periodically by rare events. For instance,
survival of S. borneense trees on ridges was similar to
that of heterospecifics in a period with normal rainfall
(1992–97), but was 1% higher in the period including the
El Niño drought (1997–2002), during which community-
wide survival decreased (T. Yamada, unpublished results).
This higher survival may lead to a small increase in
recruitment and population size of S. borneense compared
with other species. Such events may provide windows
of opportunity for S. borneense to maintain its high
abundance on ridges. In the non-preferred habitats,
such windows of opportunity may be lacking in the
case that higher survival during drier periods would be
offset by a competitive disadvantage during periods with
normal rainfall. In this way, differences in the impact of
drought events among species and habitats could gen-
erate and maintain density differences across habitats.

A second mechanism that may act on top of  the
previous mechanism is negative density-dependence.
If  establishment, survival and growth of S. borneense
seedlings are negatively affected by density as previously
found for other rain forest trees (e.g. Condit et al. 1994;
Blundell & Peart 2004), one would expect among-habitat
differences in tree density to gradually disappear. But
density dependence may also act to maintain density
differences if  the density of other species has an effect.
If  in the valley, density of other species has stronger
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negative effects on vital rates than intraspecific density,
while the reverse is true on ridges, then density depend-
ence could cause subpopulations to become stable at
different densities (cf. Chesson 2000).

Finally, a third mechanism, seed input from positive
habitat, may be important for maintaining subpopula-
tions in non-preferred habitats or ‘niche margins’ (cf. Guo
et al. 2005). Harms et al. (2001) suggested that sub-
populations of tropical forest trees in non-preferred
habitats are sink subpopulations that depend on seed
input from preferred habitats. This may also be the case
for S. borneense, as a large proportion of the trees in the
valley occurs at a short distance from the slope and
ridge habitats (Fig. 1).

Clearly, a better understanding of the above mechan-
isms requires studies with a different approach. First,
given that differences in (a)biotic conditions between
habitats may generate differences in performance of all
species, it is important that the performance of study
species is related to that of other species in the community
(e.g. Ashton et al. 2006) and that the relative impact of
inter- and intraspecific density-dependence is understood.
Secondly, the importance of seed input to maintain
marginal populations requires demographic studies that
incorporate seed exchange (e.g. Kaneko et al. 1999).

Our results suggest that habitat association of Scaphium
borneense is predominantly caused by (a)biotic differ-
ences among habitats and not by chance processes or
disturbance history. Nevertheless, the precise mechanisms
that generate and maintain habitat associations remain
poorly understood and need further exploration. We hypo-
thesize that S. borneense and other habitat specialists
may have slightly better performance in their preferred
habitat relative to that of heterospecifics. Such differ-
ences may be confined to periods with unusual climatic
conditions (e.g. drought), creating windows of opportunity
for slight population increases. The repeated occurrence
of such events over long time-spans, in combination
with seed input to non-preferred habitats, is likely to
generate and maintain strong habitat associations.

Acknowledgements

We thank the State Government and Forest Department
of Sarawak, H. J. During, M. J. A. Werger, Datuk Leo
Chai, S. Tamura, Y. Takai, K. Ogino, S. J. Davies, J. V.
LaFrankie, H. S. Lee, Hj. Abang Abdul Hamid, E. O.
Chai, A. Tomita, M. Hamabe and staff  at the Silv-
iculture Research Office (Sibu, Sarawak) for assistance in
various phases of this study. The plot surveys and cen-
suses were funded by the Forest Department of Sarawak,
the Ministry of Education, Science, Culture and Sports,
Japan (NP0201 to S. Tamura, NP0901 to S. Sasaki and
02041071 to T. Yamakura), Harvard University, USA
(NSF grant DEB-9107247 to P. S. Ashton), and the
Center for Tropical Forest Science of the Smithsonian
Tropical Research Institute. T. Yamada was financially
supported by the Ministry of Education, Culture, Sports,
Science and Technology, Japan (Grant 50316189).

References

Alvarez-Buylla, E.R. (1994) Density dependence and patch
dynamics in tropical rain forests: matrix models and applica-
tions to a tree species. American Naturalist, 143, 155–191.

Angert, A.L. (2006) Demography of central and marginal
populations of monkeyflowers (Mimulus cardinalis and M.
lewisii). Ecology, 87, 2014–2025.

Ashton, P.S. (1980) Manual of the Non-Dipterocarp Trees of
Sarawak, 2. Dewan Bahasa dan Pustaka, Kuching, Sarawak,
Malaysia.

Ashton, P.S. & Hall, P. (1992) Comparisons of structure
among mixed dipterocarp forests of north-western Borneo.
Journal of Ecology, 80, 459–481.

Ashton, M.S., Singhakumara, B.M.P. & Gamage, H.K.
(2006) Interaction between light and drought affect per-
formance of Asian tropical tree species that have differing
topographic affinities. Forest Ecology and Management,
221, 42–51.

Baillie, I.C., Ashton, P.S., Court, M.N., Anderson, J.A.R.,
Fitzpatrick, E.A. & Tinsley, J. (1987) Site characteristics
and the distribution of tree species in mixed dipterocarp
forest on Tertiary sediments in Central Sarawak, Malaysia.
Journal of Tropical Ecology, 3, 201–220.

Baker, P.J., Bunyavejchewin, S., Oliver, C.D. & Ashton, P.S.
(2005) Disturbance history and historical stand dynamics
of a seasonal tropical forest in western Thailand. Ecological
Monographs, 75, 317–343.

Blundell, G. & Peart, D.R. (2004) Density-dependent popu-
lation dynamics of a dominant rain forest canopy tree.
Ecology, 85, 704–715.

Bunyavejchewin, S., LaFrankie, J.V., Baker, P.J., Kanzaki, M.,
Ashton. P.S. & Yamakura, T. (2003) Spatial distribution
patterns of the dominant canopy dipterocarp species in a
seasonal dry evergreen forest in western Thailand. Forest
Ecology and Management, 175, 87–101.

Caswell, H. (2001) Matrix Population Models, 2nd edn.
Sinauer Associates, Sunderland.

Chesson, P. (2000) Mechanisms of maintenance of species
diversity. Annual Review of Ecology and Systematics, 31,
343–366.

Clark, D.A. & Clark, D.B. (1992) Life history diversity of
canopy and emergent trees in a neotropical rain forest.
Ecological Monographs, 62, 315–344.

Condit, R., Aguilar, S., Hernandez, A., Perez, R., Lao, S.,
Angehr, G. et al. (2004) Tropical forest dynamics across a
rainfall gradient and the impact of an El Niño dry season.
Journal of Tropical Ecology, 20, 51–72.

Condit, R., Ashton, P, Bunyavejchewin, S., Dattaraja, H.S.,
Davies, S., Esufli, S. et al. (2006) The importance of demo-
graphic niches to tree diversity. Science, 313, 98–101.

Condit, R., Hubbell, S.P. & Foster, R.B. (1994) Density
dependence in two understorey tree species in a Neotropical
forest. Ecology, 75, 671–680.

Condit, R., Hubbell, S.P. & Foster, R.B. (1995) Mortality rates
of 205 neotropical tree and shrub species and the impact of a
severe drought. Ecological Monographs, 65, 419–439.

Davies, S.J., Palmiotto, P.A., Ashton, P.S., Lee, H.S. &
Lafrankie, J.V. (1998) Comparative ecology of 11 sympatric
species of Macaranga, Borneo: tree distribution in relation
to horizontal and vertical resource heterogeneity. Journal
of Ecology, 86, 662–673.

Davies, S.J., Tan, S., LaFrankie, J.V. & Potts, M.D. (2005)
Soil-related floristic variation in the hyperdiverse dipterocarp
forest in Lambir Hills, Sarawak. Pollination Ecology and
Rain Forest Diversity, Sarawak Studies (eds D.W. Roubik, S.
Sakai & A. Hamid), pp. 23–34. Springer-Verlag, New York.

Franco, M. & Silvertown, J. (2004) A comparative demography
of plants based upon elasticities of vital rates. Ecology, 85,
531–538.



342
T. Yamada et al.

© 2007 The Authors
Journal compilation 
© 2007 British 
Ecological Society, 
Journal of Ecology 
95, 332–342

Guo, Q., Taper, M., Schoenberger, M. & Brandle, J. (2005)
Spatial-temporal population dynamics across species
range: from centre to margin. Oikos, 108, 47–57.

Harms, K.E., Condit, R., Hubbell, S.P. & Foster, R.B. (2001)
Habitat association of trees and shrubs in a 50–ha neotropical
forest plot. Journal of Ecology, 89, 947–959.

Horvitz, C.C. & Schemske, D.W. (1995) Spatiotemporal var-
iation in demographic transitions of a tropical understory
herb: projection matrix analysis. Ecological Monographs,
65, 155–192.

Hubbell, S.P. & Foster, R.B. (1986) Biology, chance, and history
and the structure of tropical rain forest tree communities.
Community Ecology (eds J.M. Diamond & T.J. Case), pp. 314–
329. Harper & Row, New York.

Itoh, A. (1995) Effects of forest floor environment on germina-
tion and seedling establishment of two Bornean rain forest
emergent species. Journal of Tropical Ecology, 11, 517–527.

Itoh, A., Yamakura, T., Ohkubo, T., Kanzaki, M., Palmiotto, P.A.,
Lafrankie, J.V. et al. (2003a) Importance of topography and
soil texture in the spatial distribution of  two sympatric
dipterocarp trees in a Bornean rain forest. Ecological Research,
18, 307–320.

Itoh, A., Yamakura, T., Ohkubo, T., Kanzaki, M., Palmiotto,
P.A., Tan, S. et al. (2003b) Spatially aggregated fruiting in
an emergent Bornean tree. Journal of Tropical Ecology, 19,
531–538.

Jongejans, E. & de Kroon, H. (2005) Space versus time
variation in the population dynamics of three co-occurring
perennial herbs. Journal of Ecology, 93, 681–692.

Kaneko, Y., Takada, T. & Kawano, S. (1999) Population
biology of Aesculus turbinata Blume: a demographic ana-
lysis using transition matrices on a natural population
along a riparian environmental gradient. Plant Species
Biology, 14, 47–68.

de Kroon, H., Plaisier, A., van Groenendael, J. & Caswell, H.
(1986) Elasticity: the relative contribution of demographic
parameters to population growth rate. Ecology, 67, 1427–
1431.

Lieberman, M., Lieberman, D., Peralta, R. & Hartshorn, G.S.
(1995) Canopy closure and the distribution of  tropical
forest tree species at La Selva, Costa Rica. Journal of
Tropical Ecology, 11, 161–178.

Martinez-Ramos, M. & Samper, K.C. (1998) Tree life history
patterns and forest dynamics: a conceptual model for the
study of plant demography in patchy environments. Journal
of Sustainable Forestry, 6, 85–125.

Palmiotto, P.A., Davies, S.J., Vogt, K.A., Ashton, M.S., Vogt, D.J.
& Ashton, P.S. (2004) Soil-related habitat specialization in
dipterocarp rain forest tree species in Borneo. Journal of
Ecology, 92, 609–623.

Paoli, G.D., Curran, L.M. & Zak, D.R. (2006) Soil nutrients
and beta diversity in the Bornean Dipterocarpaceae: evid-
ence for niche partitioning by tropical rain forest trees.
Journal of Ecology, 94, 157–170.

Phillips, O.L., Nuñez Vargas, P., Lorenzo Monteaguido, A., Peña
Cruz, A., Chuspe Zans, M.-E., Galiano Sanchez, W. et al.
(2003) Habitat association among Amazonian tree species:
a landscape-scale approach. Journal of Ecology, 91, 757–775.

Poorter, L. & Arets, E.J.M.M. (2003) Light environment and
tree strategies in a Bolivian tropical moist forest: an evalu-
ation of the light partitioning hypothesis. Plant Ecology,
166, 295–306.

Potts, M.D. (2003) Drought in a Bornean everwet rain forest.
Journal of Ecology, 91, 467–474.

Russo, S.E., Davies, S.J., King, D.A. & Tan, S. (2005) Soil-
related performance variation and distributions of tree species
in a Bornean rain forest. Journal of Ecology, 93, 879–889.

Sheil, D., Burslem, D.F.R.P. & Alder, D. (1995) The inter-
pretation and misinterpretation of mortality rate measures.
Journal of Ecology, 83, 331–333.

Silvertown, J. (2004) Plant coexistence and the niche. Trends
in Ecology and Evolution, 19, 605–611.

Sri-Ngernyuang, K., Kanzaki, M., Mizuno, T., Noguchi, H.,
Teejuntuk, S., Sungpalee, C. et al. (2003) Habitat differen-
tiation of Lauraceae species in a tropical lower montane
forest in northern Thailand. Ecological Research, 18, 1–14.

Svenning, J.-C. (1999) Microhabitat specialization in a species-
rich palm community in Amazonian Ecuador. Journal of
Ecology, 87, 55–65.

Svenning, J.-C. (2002) Crown illumination limits the population
growth rate of a neotropical understorey palm (Geonoma -
macrostachys, Arecaceae). Plant Ecology, 159, 185–199.

Watson, H. (1985) Lambir Hills National Park: Resource Inven-
tory with Management Recommendations. National Parks
and. Wildlife Office, Forest Department, Kuching, Malaysia.

Webb, C.O. & Peart, D.R. (2000) Habitat associations of trees
and seedlings in a Bornean rain forest. Journal of Ecology,
88, 464–478.

Whitmore, T.C. (1984) Tropical Rain Forests of the Far East.
Clarendon Press, Oxford, UK.

Yamada, T., Ngakan, O.P. & Suzuki, E. (2006a) Differences in
growth and light requirement of two sympatric congeneric
tree species in an Indonesian floodplain forest. Journal of
Tropical Ecology, 22, 349–352.

Yamada, T., Suzuki, E., Yamakura, T. & Tan, S. (2005) Tap-root
depth of tropical seedlings in relation to species-specific edaphic
preferences. Journal of Tropical Ecology, 21, 155–160.

Yamada, T., Tan, S. & Yamakura, T. (2006b) Interspecific
patterns underlying variations in allometric relationship of
sympatric Sterculiaceae species in a Bornean rain forest.
Trees – Structure and Function, 20, 186–195.

Yamada, T., Tomita, A., Itoh, A., Yamakura, T., Ohkubo, T.,
Kanzaki, M. et al. (2006c) Habitat associations of Stercu-
liaceae trees in a Bornean rain forest plot. Journal of Vege-
tation Science, 17, 559–566.

Yamakura, T., Kanzaki, M., Itoh, A., Ohkubo, T., Ogino, K.,
Chai, O.K.E. et al. (1995) Topography of a large-scale research
plot established within a tropical rain forest at Lambir,
Sarawak. Tropics, 5, 41–56.

Yamakura, T., Kanzaki, M., Itoh, A., Ohkubo, T., Ogino, K.,
Chai, O.K.E. et al. (1996) Forest structure of a tropical rain
forest at Lambir, Sarawak, with special reference to the
dependency of its physiognomic dimensions on topography.
Tropics, 6, 1–18.

Zuidema, P.A. & Franco, M. (2001) Integrating vital rate
viability into perturbation analysis: an evaluation for matrix
population models of six plant species. Journal of Ecology,
89, 995–1005.

Received 3 April 2006 
revision accepted 20 October 2006 
Handling Editor: Gerhard Zotz

Supplementary material

The following material is available for this article:

Table S1 Six matrices used for this study.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/full/10/1111/
j.1365-2745.2007.01209.x

Please note: Blackwell Publishing is not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other
than missing material) should be directed to the corre-
sponding author for the article.

http://www.blackwell-synergy.com/doi/full/10/1111/

