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ABSTRACT

Aim Lianas differ physiologically from trees, and therefore their species-richness
patterns and potential climate-change responses might also differ. However,
multivariate assessments of spatial patterns in liana species richness and their
controls are lacking. Our aim in this paper is to identify the environmental factors
that best explain the variation in liana species richness within tropical forests.
Location Lowland and montane Neotropical forests.
Methods We quantified the contributions of environmental variables and liana
and tree-and-shrub abundance to the species richness of lianas, trees and shrubs
‡ 2.5 cm in diameter using a subset of 65 standardized (0.1 ha) plots from 57
Neotropical sites from a global dataset collected by the late Alwyn Gentry. We
used both regression and structural equation modelling to account for the effects
of environmental variables (climate, soil and disturbance) and liana density on
liana species richness, and we compared the species-richness patterns of lianas
with those of trees and shrubs.
Results We found that, after accounting for liana density, dry-season length was
the dominant predictor of liana species richness. In addition, liana species
richness was also related to stand-level wood density (a proxy for disturbance) in
lowland forests, a pattern that has not hitherto been shown across such a large
study region. Liana species richness had a weak association with soil properties,
but the effect of soil may be obscured by the strong correlation between soil
properties and climate. The diversity patterns of lianas and of trees and shrubs
were congruent: wetter forests had a greater species richness of all woody plants.
Main conclusions The primary association of both liana and tree-and-shrub
species richness with water availability suggests that, if parts of the Neotropics
become drier as a result of climate change, substantial declines in the species
richness of woody plants at the stand level may be anticipated.
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INTRODUCTION
Tropical forests are the most species-rich vegetation type on
Earth (Gentry & Dodson, 1987; Gentry, 1988a). However,
plant diversity in tropical forests is highly variable (Gentry,
1992). Numerous studies have attempted to explain this
variability across broad spatial scales (e.g. Gentry, 1982,
1988a,b, 1992; Phillips et al., 1994; Clinebell et al., 1995;
ª 2009 Blackwell Publishing Ltd

Givnish, 1999; ter Steege et al., 2000, 2003; Parmentier et al.,
2007).
In general, plant diversity in the tropics is strongly
correlated with moisture supply (e.g. Hawkins et al., 2003;
Currie et al., 2004), with dry-season length being
identified as the main driver of vascular plant richness in
the Neotropics (Gentry, 1988a,b; Clinebell et al., 1995; ter
Steege et al., 2003). Several mechanisms have been hypothwww.blackwellpublishing.com/jbi
doi:10.1111/j.1365-2699.2009.02099.x
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esized to underlie this pattern (e.g. Wright, 1983; Givnish,
1999; Whittaker et al., 2001; O’Brien, 2006). However, the
main process or processes responsible for the covariance
between diversity and water availability remain unknown
(Currie et al., 2004). Soil fertility has also been suggested as
a driver of species richness (at least on local and landscape
scales), but its role is contested (cf. Huston, 1980, 1994;
Gentry, 1982, 1988a; Tilman, 1982; Wright, 1992) and may
be much less important than that of climate (Clinebell et al.,
1995). Plant diversity is also thought to be higher in more
productive and disturbed forests (Phillips et al., 1994). The
relationships among climate, soil, productivity and disturbance, however, are complex and often confounded, so it is
necessary to disentangle the direct and indirect effects of
these variables on diversity in order to develop the most
insightful explanatory models.
An assessment of the relationships between diversity and
environmental variables is clearly important for understanding
why the diversity of tropical forests varies so much, as well as
for helping to identify biodiversity hotspots and areas important for conservation. The emerging patterns may also
contribute to more accurate predictions of the consequences
of changing climatic conditions for diversity (Kerr et al.,
2007). Human-induced climate change is expected to alter the
physiology, phenology and distribution of plants species
considerably, so influencing the diversity of ecosystems and
species (Hughes, 2000; Lovejoy & Hannah, 2005), and may
become the leading cause of species extinctions this century
(Thomas et al., 2004).
Efforts to examine the drivers of plant diversity in tropical
forests have focused mainly on woody plants in general
(Clinebell et al., 1995; Currie et al., 2004) or on trees in
particular (Gentry, 1988b; Phillips et al., 1994; ter Steege
et al., 2000, 2003; Parmentier et al., 2007). Lianas – woody
climbers that rely on other plants for support – have been
largely ignored in diversity research, although they are an
important and characteristic component of tropical forests,
where they can contribute up to 25% of the number of
species (Gentry & Dodson, 1987) and up to 40% of the leaf
productivity (Hegarty & Caballé, 1991). With their thin
stems, wide vessels, deep root systems and relatively high
leaf-area : basal-area ratio (Putz, 1983; Ewers et al., 1990),
lianas differ physiologically from trees, and therefore the
macroecology of the two life-forms could also be divergent
(Gentry, 1982). For example, pantropical liana abundance
may actually increase with increasing dry-season length
(Schnitzer, 2005; but see van der Heijden & Phillips, 2008).
As plant abundance is strongly related to plant species
richness, this might also indicate that liana species richness
is positively rather than negatively correlated with dry-season
length, as is found for many other plant life-forms. To date,
a limited number of studies have focused on landscape-scale
variation in liana diversity (Ibarra-Manrı́quez & Martı́nezRamos, 2002; DeWalt et al., 2006; Macı́a et al., 2007), in
which climatic conditions are largely controlled for. Liana
studies on a broader geographical scale mainly consider
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one variable at a time (Gentry, 1982, 1991). A broad-scale
multivariate analysis of liana species richness is lacking.
To this end, we quantify the contributions of environmental
variables and liana, tree and shrub abundance to the species
richness of lianas, trees and shrubs ‡ 2.5 cm in diameter
[maximum diameter for lianas, and diameter at breast height
(d.b.h.) for trees and shrubs] using a Neotropical subset of a
global dataset collected by the late Alwyn Gentry using a
standardized sampling methodology. Specifically, we focus on
studying (1) the environmental variables potentially representing the main drivers of liana species richness (i.e. climate,
soil or disturbance) in Neotropical forests, and (2) whether the
species-richness patterns of lianas and their response to
environmental variables are comparable to those of trees and
shrubs. As Gentry specifically designed this dataset to address
questions of forest community assembly, diversity, function
and structure on a broad scale by sampling across the full
global gradient of forest climate and soil conditions, it is well
suited for this type of research and has been widely used for
continental- and global-scale analyses (e.g. Gentry, 1982,
1988a, 1991; Clinebell et al., 1995; Givnish, 1999; Phillips
et al., 2002; Currie et al., 2004).
MATERIALS AND METHODS
Study sites and data collection
In 0.1 ha plots of mature homogenous forests world-wide,
Gentry measured all trees, lianas, hemi-epiphytes and shrubs
with stems ‡ 2.5 cm in diameter rooted within the transect
area [for a detailed methodology see Phillips & Miller (2002);
data available from http://www.mobot.org/MOBOT/Research/
gentry/transect.shtml]. The plots were composed of 10
2 · 50 m transects, distributed semi-randomly in zig-zag
fashion across an area of several hectares. Site homogeneity
was maximized by constraining the plot within a narrow
elevational range and one soil type, and by avoiding anthropogenic edges and successional habitats. By using ten different
lines that traverse a wide area, Gentry’s 0.1 ha plots were
intended to be representative of the whole forest community
under study, and not be unduly influenced by small-scale
patchiness in forest structure and composition.
From this dataset we selected 65 plots from 57 Neotropical
sites for which accurate and standardized data for both climate
and soil nutrients were available (Fig. 1). Three sites had more
than one plot; as these were located on contrasting soil types
they were assumed to represent independent sampling points.
As the plots are principally from the western half of the
Neotropics, the models presented here may not necessarily give
an accurate prediction of the liana species richness in the
central and eastern parts of Amazonia.
Diversity measures
We updated nomenclature using the TROPICOS database,
with family-level taxonomy following the Angiosperm PhyJournal of Biogeography 36, 1561–1572
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Environmental effect on liana species richness
Climatic and edaphic variables
(a)

(b)

Mean annual precipitation (MAP) and dry-season length
(DSL) – the number of consecutive months of rainfall
averaging < 100 mm per month – were interpolated from
rainfall maps (by Gentry) or derived from atlases (Clinebell
et al., 1995) and supplemented by data from local weather
stations where possible. Mean annual temperature (MAT) for
each site was derived from the Climatic Research Unit (CRU)
observed climatology database (New et al., 2002) and adjusted
with a lapse rate of 0.006C m)1 (Barry, 1992) when the
elevation of the site differed from that of the CRU estimate.
Although interpolation might have affected the values of the
climate variables for the individual plots slightly, it is unlikely
to have seriously undermined the analyses and results
presented here.
Soil data were obtained from Clinebell et al. (1995). For
each 0.1 ha plot, top soil (0–10 cm) was collected at three
randomly located points within the plot area and the
composite analysed for concentrations of exchangeable Al,
Ca, Cu, Fe, Mg, K, Na, P, Si and total N. We calculated the
effective cation exchange capacity (ECEC) (the sum of
the concentration of Al, Ca, Mg, K and Na in cmol kg)1)
and the aluminium saturation [(Al/ECEC) · 100].
Disturbance

Figure 1 Location of the Neotropical sites and observed species
richness per 0.1 ha site (n = 58) for (a) lianas and (b) trees and
shrubs. Sites with multiple transects are represented by a single dot
and the mean species richness for the sites (for the purposes of the
map only, transects are treated as independent sampling points in
the analyses). The area enclosed by the line represents Amazonia.

logeny Group (APG, 2002). Nomenclature for individuals
represented by more than one voucher was updated only
when all vouchers had the same species determination. We
followed Gentry’s habit category concepts (trees and shrubs,
lianas, and hemi-epiphytes) and in cases where habit codes
for lianas and hemi-epiphytes were ambiguous we referred
to local flora and field guides (e.g. Gentry, 1993) to confirm
their habit. (Hemi-)epiphytic climbers, and climbing palms
and Poaceae were not considered to be lianas. We used
species richness (i.e. the number of species per site) as our
measure of liana and tree-and-shrub diversity (Appendix S1). For five plots for which < 0.1 ha was inventoried
(0.08 ha for three and 0.06 ha for two plots), we estimated
the species richness in 0.1 ha using the mean speciesaccumulation curve generated for each site using 100
randomizations (R package ‘vegan’).
Journal of Biogeography 36, 1561–1572
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The disturbance history of most of the sites is generally not
well known, and we have turnover data, a direct measure of
long-term disturbance, for trees ‡ 10 cm d.b.h. (% year)1) in
only 20 lowland plots (published in Londoño & Jimenez, 1999;
Baker et al., 2004a,b; Lewis et al., 2004; Phillips et al., 2004).
However, we might expect that more disturbed forests are
likely to be relatively more dominated by light-demanding tree
species, resulting in a lower stand-level wood density (Baker
et al., 2004b; Phillips et al., 2004). As anticipated, tree turnover
for the 20 plots was correlated with stand-level wood density
(r = )0.65, P = 0.001), and we therefore used wood density as
a disturbance proxy for all 65 plots. Wood density data were
derived from Chave et al. (2006) and Baker et al. (2004b).
Where species-specific wood densities were unavailable,
generic (56% of the species) or familial (15% of the species)
mean values, or an overall species mean of 0.63 g cm)3 (2.3%
of the species), were used. Cyatheaceae (1% of the species) are
treated here as monocots and were allocated the Arecaceae
family mean of 0.41 g cm)3. Average wood densities per plot
were weighted by basal area (cf. Baker et al., 2004b) and
calculated for stems ‡ 10 cm in diameter only, to exclude
shrub species for which no wood density data were available.
Wood density and climate and soil variables are reported in
Appendix S2.
Data analysis
We employed best-subsets regression and structural equation
modelling to investigate whether soil, climate and/or distur1563
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bance predict liana and tree-and-shrub species richness. We
selected best-fitting models using ordinary least squares (OLS)
regression, with (1) only soil, (2) only climate, and (3) all
climate, soil and disturbance variables included. Species
richness is strongly correlated with the number of individuals
in a plot – the probability of encountering a greater number of
species increases with the number of individuals in an area.
We therefore included either liana density or tree-and-shrub
density in all models as an extra explanatory variable of species
richness. Thus, any effect of environment on species richness
indicates a direct effect, as the potential indirect effects via
stem density are now separated.
The efficacy of the various variables was assessed using bestsubsets regression, a model-building technique used to find
subsets of variables that best predict responses of a dependent
variable (Draper & Smith, 1998). For each candidate model,
each variable was evaluated in terms of R2 (cf. Crawley, 1993)
and variance inflation (Belsey et al., 1980), and model fit was
assessed by comparing the standardized residuals with the
fitted values and with each significant variable (cf. Crawley,
1993). Spatial autocorrelation of the residuals was evaluated
using the Moran’s I test for residual autocorrelation and by
assessing the semi-variograms of each model (Cliff & Ord,
1981). As spatial autocorrelation was present in all models,
generalized least squares (GLS) regression was used to account
for this. Model selection was based upon assessment of the
Akaike information criterion (AIC), whereby models with a
lower AIC fit the data better (Burnham & Anderson, 2002).
Finally, the residuals (observed minus predicted values) of the
‘best’ models were evaluated to determine where the model
over- or under-predicts to give an indication of which other
factors may need to be considered in the models.
We used structural equation modelling (SEM) to disentangle
direct and indirect relationships between the variables (e.g.
Shipley, 2000). Hypothesized models of the interactions
between environmental variables, liana or tree-and-shrub
density and wood density and their effect upon liana and treeand-shrub species richness were based on previous knowledge
and on discussion with soil experts (J. Lloyd and C. Quesada,
pers. comm.) and were developed a priori (Appendix S3). amos
5.0.1 (Arbuckle, 2003) was used to evaluate the degree of model
fit by comparing the model-implied covariance matrix with the
covariance matrix obtained from the data and to determine path
coefficients and their standard errors using the maximum
likelihood method. We assessed general model goodness-of-fit
using the chi-square (v2) statistic and closeness-of-fit using the
comparative fit index (CFI) and the root mean square error of
approximation (RMSEA), which perform better than other fit
indices when sample sizes are small (Fan et al., 1999). Models
with a CFI > 0.95 and a RMSEA £ 0.05 are generally considered
to be good fits (Browne & Cudeck, 1989; Hu & Bentler, 1995).
We applied bootstrapping with 2000 iterations to correct the
chi-square statistic and the confidence intervals of the parameter
estimates for non-normality (Bollen & Stine, 1993; West et al.,
1995). As we used SEM in a ‘model-generating’ context, the
original models have been subject to evaluation and modifica1564

(a)

(b)

Figure 2 Bivariate relationships of liana and tree-and-shrub
species richness per 0.1 ha Neotropical site (n = 58) with (a) mean
annual precipitation and (b) dry-season length. Closed circles
represent lianas, open circles represent trees and shrubs. Linear
regression lines of best fit are indicated with a continuous line for
lianas and a dashed line for trees and shrubs.

tion. We removed insignificant paths one by one to assess
whether including those paths in the model significantly
improved model fit. Models were compared by assessing the
AIC, which penalizes model complexity. As the AIC is defined as
twice the number of parameters minus the log-likelihood of the
model, the AIC is also based upon a maximum likelihood
method (Burnham & Anderson, 2002). Appendix S4 incorporates the correlation matrix for all variables included in the SEM.
Journal of Biogeography 36, 1561–1572
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together account for approximately 82% of the variation
between the sites. These major axes are: (1) a gradient from
high levels of Al and Al saturation to high cation concentrations (Cation axis); (2) a gradient of increasing concentrations
of Fe and total N (Fe & total N axis); (3) a gradient from high
Si concentrations to high Cu concentrations (Cu & Si axis);
and (4) a gradient of increasing concentrations of Si and Na
(Si & Na axis) (Appendix S6).

Instead of including separate soil variables in the multivariate analyses, we incorporated four major soil axes derived
from principal components analysis (PCA) (pc-ord, McCune
& Mefford, 1995) in the regression and SEM analyses. This
reduces the number of soil variables in the analyses to ensure
that the analyses do not suffer from multi-collinearity and it
reduces the risk of spurious associations (Legendre & Legendre, 1998). To ensure that normality and linearity assumptions
were met for both the regression and the SEM analyses, we
transformed MAP using the natural log (Fig. 2). All other
significant relationships between variables were linear. Analyses were carried out on the full dataset of 65 plots (lowland
and montane) as well as on a subset of 58 lowland forests
(£ 1000 m a.s.l.). As results for both the full and the lowland
dataset were similar, we focus here on the results for lowland
forests. Results for the full dataset are shown in Appendix S5.
All analyses, except SEM, were carried out in R 2.6.0
(R Development Core Team, 2007).

Liana species richness
OLS and GLS regression analyses and SEM showed that the
model incorporating liana density (positive effect), DSL
(negative effect) and wood density (indicating a positive effect
of disturbance) best explained the variation in the species
richness of lianas ‡ 2.5 cm in diameter (Table 1). Models with
MAP (positive effect) generally fit the data less well, as is
indicated by the higher AIC value compared with models with
DSL. The SEM models indicated that the effect of soil fertility
on liana species richness is indirect, rather than direct, via its
effect on wood density (Fig. 3a).
The distribution of the residuals from the GLS model for the
‘best’ liana species-richness model (‘all variables’ model,
Table 1) indicated that, although most residuals are < 2 RMSE
(indicating reasonable to good fit), the model generally underpredicted liana species richness in the Amazon region and
over-predicted it in Central America and in Chocó forests west
of the Andes (Fig. 4a).

RESULTS
Variation in species richness
Both liana and tree-and-shrub species richness varied greatly
among the Neotropical plots (Fig. 1). Liana species richness
ranged from 3 to 51 and averaged 27 (± 13 SD) species per
0.1 ha. Tree-and-shrub species richness was substantially
higher, ranging from 26 to 223 species and averaging 106
per 0.1 ha (± 51 SD).

Tree-and-shrub species richness
Principal components analysis

The optimal variable subset predicting the species richness of
trees and shrubs ‡ 2.5 cm in diameter incorporated MAP and
tree density (Table 1, Fig. 3b). Selection of DSL instead of

Ordination of the soil variables revealed four main linear
combinations of soil properties with eigenvalues > 1, which

Table 1 Best regression models explaining variation in (a) liana and (b) tree-and-shrub species richness of 0.1 ha plots from Neotropical
lowland forests (£ 1000 m a.s.l.; n = 58).
OLS
Model

Cation
axis

DSL

(a) Liana species richness
Only soil
)
Only climate (1)
Only climate (2)
)
All variables
)
(b) Tree-and-shrub species richness
Only soil
)
All variables (1)
)
All variables (2)

ln(MAP)

Wood
density

Liana tree-andshrub density

R2

)

+
+
+
+

0.494
0.617
0.678
0.698

+
+
+

0.440
0.624
0.643

+

+

GLS
R2adj

AIC

Moran’s I

AIC

0.476
0.603
0.667
0.681

430.4
414.3
404.2
402.5

0.110
0.211
0.108
0.081

425.5
402.7
400.9
397.5

0.419
0.610
0.630

593.4
570.3
567.4

0.199
0.070
0.246

581.7
568.1
551.0

+ and ) signs indicate the direction of the relationship of the environmental variables with species richness. Fit of the ordinary least squares (OLS)
models is indicated by the R2, adjusted R2 and Akaike information criterion (AIC). Models with bold Moran’s I values exhibit spatial autocorrelation
in the residuals. In the generalized least squares (GLS) analyses the spatial structure of the residuals was incorporated using a Gaussian function, and
the fit of the GLS models is indicated by the AIC. Models with only climate variables were not included in the table when results were similar to those
of the ‘all variable’ models (see Materials and Methods). Numbers indicate competing models.
DSL, dry-season length; MAP, mean annual precipitation.
Journal of Biogeography 36, 1561–1572
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(a)

(b)

Figure 3 Structural equation models of
(a) liana and (b) tree-and-shrub species
richness for 58 0.1 ha plots from Neotropical
lowland forests. Single-headed arrows
indicate ‘causal’ relationships. Path
coefficients are standardized regression
weights (standardized by the standard
deviation). Paths indicate P £ 0.05. Variances
(R2) explained by the model are italicized.
Residual error variables are omitted for
simplicity. MAP, mean annual precipitation;
MAT, mean annual temperature; DSL,
dry-season length; CFI, comparative fit index;
and RMSEA, root mean square error of
approximation. Insignificant paths are not
included in the final model. Note: see
Appendix S6 for correlations of the soil
nutrient variables with the axes resulting
from principal components analysis.

MAP led to a model that fitted the data less well. As with the
model for liana species richness, the ‘best’ model for tree
species richness [‘only climate (2)’] also generally overpredicted in Central America and west of the Andes and
under-predicted in Amazonia (Fig. 4b).
DISCUSSION
To our knowledge, this is the first attempt to combine stem
density, disturbance, and climatic and edaphic variables in one
analysis to explain the variability in liana species richness
across Neotropical forests.
1566
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Climate
Of the environmental variables considered here, DSL has the
highest power to explain the variation in species richness of
lianas ‡ 2.5 cm in diameter in the Neotropics (Table 1,
Fig. 3a). Generally, areas with evenly distributed rainfall have
more liana species than those with a pronounced dry season.
This result is consistent with several other studies that also
found dry-season length in particular (Gentry, 1988a,b;
Clinebell et al., 1995; ter Steege et al., 2003), and water- and
Journal of Biogeography 36, 1561–1572
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(a)

(b)

Figure 4 Spatial distribution of the residuals for the (a) ‘all
variables’ model for liana species richness and (b) ‘only climate
(2)’ model for tree-and-shrub species richness (Table 1). Residuals
are shown according to the size of the error relative to the root
mean square error (RMSE), with residuals > 2 RMSE representing
gross errors of fit. Under-prediction of the model is indicated by
positive errors (dark colours), over-prediction by negative errors
(light colours). Sites with more than one transect are represented
by the mean residuals. The area indicated by the line represents
Amazonia.

humidity-related variables in general (Gentry, 1982; Hawkins
et al., 2003; Currie et al., 2004), to be the main correlates with
plant and tree diversity in the Neotropics.
Several mechanisms have been proposed to explain these
water availability–diversity relationships, some trying to
explain the origin and others the maintenance of diversity
(e.g. Givnish, 1999; Currie et al., 2004). One historically
popular mechanism is species–energy theory, which was first
proposed by Wright (1983) and later extended by others (e.g.
Hawkins et al., 2003; Storch et al., 2005). This theory states that
a high net primary productivity (NPP) will lead to a high
Journal of Biogeography 36, 1561–1572
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number of individuals, high speciation and low extinction rates
and consequently to a high number of species. The impact of
the availability of water on species richness is proposed to be
indirect by its positive influence on NPP (i.e. influencing also
abundance). A slightly different hypothesis is that a high or
evenly distributed moisture supply allows plants to survive at
lower light intensities, increasing plant density and therefore
the number of species (Huston, 1994; Givnish, 1999). However,
for lianas there is no support for either of these abovementioned hypotheses. Liana species richness is strongly
correlated with liana density (and therefore with productivity),
but liana density itself is unrelated to water availability (Fig. 3a;
van der Heijden & Phillips, 2008). These findings contrast with
those of Schnitzer (2005), who found that liana density actually
increased in areas with a pronounced dry season – contrary to
the hypotheses advanced above – possibly as a result of the
inclusion of African and Asian plots, where tree and liana
biogeographical factors differ markedly compared to those in
Amazonia. Finally, Givnish (1999) hypothesized that the level
of density-dependent mortality caused by plant pathogens and/
or herbivores, which results in a higher turnover and therefore
in a higher species richness, increases with increasing rainfall
and decreasing seasonality. However, our results show that,
although disturbance (as inferred by the wood density proxy) is
associated with liana species richness, it is not correlated with
rainfall or seasonality (Fig. 3a).
It is more likely that the negative relationship between DSL
and liana diversity may have resulted from one or a
combination of the following. First, the liana species pool will
be depleted as lianas face a physiological challenge – lianas
have wide vessels and narrow, uninsulated stems and are
therefore prone to drought-induced embolism (Ewers et al.,
1990). Only liana species adapted to cope with these conditions may be expected to survive in areas with a pronounced
dry season (but see Currie et al., 2004). Second, a longer dry
season shortens the growing season, which affects survival and
establishment rates, which in turn may decrease the number of
potential co-existing functional types, and hence the number
of liana species (Kleidon & Mooney, 2000).

Disturbance
Apart from DSL, disturbance, as inferred from the wood
density proxy, is a significant predictor of species richness of
lianas ‡ 2.5 cm in diameter per 0.1 ha plot on a Neotropical
scale (Table 1, Fig 3a). More disturbed sites have a higher liana
species richness, a relationship previously not documented
across such an extensive geographical region, but which is well
established on both local and landscape scales (Schnitzer &
Carson, 2000; Laurance et al., 2001; Ibarra-Manrı́quez &
Martı́nez-Ramos, 2002). The contribution of the independent
effect of disturbance, however, is relatively small, as excluding
the disturbance proxy from the OLS model (although it was
significant in the model) reduced the R2adj by only 1.4%. There
are at least two explanations for the relatively weak relationship
between disturbance and liana species richness. First, although
1567
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mental validation or more extensive sampling is necessary to
assess in more detail whether the relationship between climate
and species richness can be attributed to climate alone or
whether some of the variance may be explained by soil
properties.

wood density is correlated with disturbance, it is not a perfect
proxy for disturbance. The relationship between species
richness and disturbance indicated by the model may be
stronger in reality. Second, the results may reflect the spatial
bias of the dataset towards western Amazonia, which generally
has high turnover rates and low wood density compared with
stands in eastern Amazonia (Baker et al., 2004b; Phillips et al.,
2004), where comparative liana data are lacking. We speculate
that the inclusion of eastern Amazonian forests might make
the effect of disturbance on liana species richness more
pronounced. Furthermore, as disturbance also seems to affect
liana stem density (van der Heijden & Phillips, 2008),
disturbance may also indirectly affect liana species richness
through its effect on liana density, which in turn is strongly
related to liana richness (Fig. 3a).
As stand wood density is highly correlated with both
turnover (i.e. disturbance) and productivity across Amazonia
(Baker et al., 2004b; Malhi et al., 2004; Phillips et al., 2004), a
low stand wood density may not necessarily indicate high
disturbance levels. However, high-productivity sites, at least in
Amazonia, are almost always high-turnover sites. Although
causal relationships are of course difficult to ascertain and may
involve feedbacks, it is reasonable to infer that a high-turnover
(high-disturbance) environment favours liana growth –
because lianas tend to proliferate in high-light conditions
(e.g. Putz, 1984; Schnitzer et al., 2000) – and that thriving
lianas in turn may accelerate turnover – because Amazon
lianas are known to promote tree death (Phillips et al., 2005).

The residual plots of our GLS models show that, in general,
species richness was under-predicted for plots located in the
Amazon basin and over-predicted for plots located in the
forested area of Central America and those west of the Andes
(Fig. 4). This pattern in the residuals may be explained by
other factors than soil, climate or disturbance, such as an
effect of area and/or regional history. The forested area within
Central America and that west of the Andes are each
considerably smaller than and are almost separated (although
not completely ‘species-tight’) from the Amazon forests.
Larger areas (i.e. Amazonia) should have more species, because
of higher speciation and lower extinction rates (Rosenzweig,
1995). Furthermore, speciation rates in Amazonia may be
higher owing to differences in regional histories between the
areas (e.g. Latham & Ricklefs, 1993; Ricklefs et al., 1999). As a
consequence of differences in size and/or regional history, plots
inventoried in the Amazon may harbour more species than
plots in tropical forests outside this region, regardless of any
effects of the environment: a phenomenon that has also been
demonstrated for trees (Phillips et al., 1994).

Soil

Liana vs. tree-and-shrub species richness

Soil fertility is significantly related to liana species richness in
models in which only soil variables and liana density are
accounted for (Table 1). However, as the relationship between
soil fertility and liana species richness disappears when climate
variables are also included, this is probably an artefact of the
strong correlation of soil fertility with precipitation and is
therefore more likely to indicate an effect of moisture rather
than an effect of fertility itself on liana species richness
(Fig. 3a). SEM also indicated that neither fertility nor any of
the other soil gradients are directly related to the species
richness of lianas ‡ 2.5 cm in diameter. The effect of soil
fertility seems to be indirect via its effect on disturbance (as
inferred from the wood density proxy) – forests growing on
more fertile soils have a higher tree turnover and are more
dynamic (Phillips et al., 1994, 2004). The apparent lack of an
association between liana diversity and soil properties has been
previously noted on more local scales (Burnham, 2002; IbarraManrı́quez & Martı́nez-Ramos, 2002; Macı́a et al., 2007).
However, although soil fertility might not have a general effect
on liana species richness, there is some evidence that soil
fertility affects liana species richness in extreme cases. For
example, in plots located on white sand soils, which are very
nutrient-poor, the observed liana species richness is about 25%
lower than that predicted by the model. Moreover, as a result
of the strong correlations between climate and soil, experi-

Apart from the effect of stem density, MAP is the other best
explanatory variable of species richness in trees and shrubs
‡ 2.5 cm in diameter (Table 1, Fig. 3b). Dry-season length,
which has a direct effect on liana diversity, indirectly influences
tree-and-shrub diversity via its effect on tree-and-shrub
density. Liana and tree-and-shrub density in the Neotropics
are therefore both driven by the availability of water. The
similarity in their response to moisture supply may be the
cause of the congruent diversity patterns of lianas and trees
and shrubs (Fig. 5) – areas with a high number of tree and
shrub species tend to have a high number of liana species.
Macı́a et al. (2007) found similar diversity patterns of lianas
and trees in Amazonian Bolivia. Outliers for this relationship
between liana and tree diversity, however, are the so-called
liana forests, which are relatively more diverse in lianas than in
trees (Pérez-Salicrup et al., 2001). The congruent pattern
between liana and tree-and-shrub diversity may indicate that
similar evolutionary and ecological processes underlie the
diversity patterns of these plant life-forms. The dependence
of both liana and tree-and-shrub species richness on water
availability suggests that if parts, or all, of the Neotropics dry
up to a significant degree this century, as predicted (e.g. Costa
& Foley, 2000; Cox et al., 2004; Li et al., 2006), substantial
declines in the species richness of woody plants at the stand
level may be anticipated.
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Figure 5 Bivariate relationship between liana and tree-and-shrub
species richness of 0.1 ha sites from Neotropical lowland forests
(n = 58).
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