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Abstract

Question: What is the relative contribution of geographic
distance, soil and topographic variables in determining the com-
munity floristic patterns and individual tree species abundances
in the nutrient-poor soils of central Amazonia?

Location: Central Amazonia near Manaus, Brazil.

Methods: Our analysis was based on data for 1105 tree species
(= 10 cm dbh) within 40 1-ha plots over a ca. 1000-km? area.
Slope and 26 soil-surface parameters were measured for each
plot. A main soil-fertility gradient (encompassing soil texture,
cation content, nitrogen and carbon) and five other uncorrelated
soil and topographic variables were used as potential predictors
of plant-community composition. Mantel tests and multiple re-
gressions on distance matrices were used to detect relationships
at the community level, and ordinary least square (OLS) and
conditional autoregressive (CAR) models were used to detect
relationships for individual species abundances.

Results: Floristic similarity declined rapidly with distance over
small spatial scales (0-5 km), but remained constant (ca. 44%)
over distances of 5 to 30 km, which indicates lower beta diver-
sity than in western Amazonian forests. Distance explained 1/3
to 1/2 more variance in floristics measures than environmental
variables. Community composition was most strongly related to
the main soil-fertility gradient and C:N ratio. The main fertility
gradient and pH had the greatest impact of species abundances.
About 30% of individual tree species were significantly related
to one or more soil/topographic parameters.

Conclusions: Geographic distance and the main fertility gradi-
ent are the best predictors of community floristic composition,
but other soil variables, particularly C:N ratio, pH, and slope,
have strong relationships with a significant portion of the tree
community.

Keywords: Beta diversity; Brazil; Floristics; Species abundance;
Spatial dependence; Tropical forest.

Abbreviations: BDFFP = Biological Dynamics of Forest Frag-
ments Project; CAR = Conditional autoregressive (model); OLS
= Ordinary least square regression.

Introduction

Much research has focused on the relative role of
distance-related processes, such as dispersal, versus
environmental factors in shaping community floristics
in tropical forests (Clark et al. 1999; Chust et al. 2006;
Hubbell 2001; Phillips et al. 2003; Potts et al. 2002; Webb
& Peart 2000 and others). Certainly no one answer has
emerged as to which is more important. Instead, the im-
portance of different factors varies from region to region
(Palmer 2006; Tuomisto et al. 2003a, b, ¢), and even at
different spatial scales in the same region (Normand et
al. 2006; Potts et al. 2002), in response to past and recent
geologic history, human and natural disturbance patterns,
and evolutionary processes.

Nonetheless, some environmental variables, particu-
larly soil texture, cation composition and topography, are
repeatedly reported as important in determining tropical
forest composition (Costa et al. 2005; Sri-Ngernyuang
et al. 2003; Tuomisto et al. 2002; Valencia et al. 2004
Vormisto etal. 2004). The availability of complete floristic
and soil data sets that are needed to address these questions
is very limited given the vast extent of the tropics. In the
large area covering the central Amazon basin, only one
study with detailed soil and floristic data examines the
relationship between environmental variables and floris-
tics (Costa et al. 2005) and this is limited to understory
herbs. To put the floristic community in context of other
studies in the Neotropics (Condit et al. 2000; Pitman et
al. 2001; ter Steege et al. 2006), an analysis of trees (> 10
cm DBH) is needed.

In the relatively nutrient-rich soils of western Amazo-
nia, evidence is accumulating that tree communities exhibit
surprisingly little turnover in floristic composition (beta
diversity) at larger spatial scales (10-1000 km), despite
having high local species richness (alpha diversity) and
relatively rapid turnover at local scales (< 10 km) (Condit
et al. 2002; Macia & Svenning 2005; Pitman et al. 2001).
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Species diversity patterns are less clear for the vast region
of central Amazonia, where soil fertility tends to be very
low (Brown 1987; Chauvel etal. 1987). Central Amazonia
has one of the highest alpha diversities of trees recorded
for any tropical forest (Oliveira & Mori 1999), but species
turnover at landscape scales (distances of < 100 km) has
not yet been assessed.

Here, we describe the patterns of beta diversity in a
central Amazonian forest and address two questions: What
is the relative role of geographic distance and environmen-
tal variables in shaping floristic similarity and individual
species abundances? Which soil and topographic variables
are most important? Because spatial structuring in the
environmental variables can cause inflated levels of envi-
ronmental associations (e.g. Harms et al. 2001; Lichstein
etal. 2002), our statistical approaches aimed to disentangle
the effects of broad-scale geographic trends, local spatial
autocorrelation and environmental variables. We also
placed our findings in the context of other studies in the
tropics. In particular, we examined how beta diversity
patterns compare to other plot networks in the Neotropics,
and how the proportion of species with significant soil or
topographic relationships varied among different tropical
forest communities.

Methods

Study area and floristics

Our study area is part of the Biological Dynamics
of Forest Fragments Project (BDFFP), a large-scale
experimental study of habitat fragmentation, located in
the central Amazon, 80 km N of Manaus, Brazil (2°30'
S, 60° W) at 50-100 m elevation (Laurance et al. 2002;
Lovejoy et al. 1986). The study area spans ca. 1000 km?.
The topography consists mostly of flat, clay-rich plateaus
dissected by numerous stream and river gullies. Forests in
the area are not seasonally inundated. Rainfall ranges from
1900-3500 mm annually with a pronounced dry season
from June to October.

This site shows relatively few signs of human distur-
bance or large-scale natural disturbance in the past few
hundred years. There is no evidence of swidden agriculture
(Piperno & Becker 1996) and the majority of charcoal found
at the site indicating fire dates from at least 1100-1500 years
ago (Piperno & Becker 1996; Santos et al. 2000). Large
gaps created by wind bursts have been observed in this
area of the central Amazon (Nelson et al. 1994) but there is
no evidence of recent large blowdowns in the BDFFP plot
network (Laurance et al. 2005; but see Nelson 2005).

Since 1980, a long-term study of tree community
dynamics and composition has been conducted in frag-
mented and continuous forests in the study area. All trees

= 10 cm diameter-at-breast-height (DBH) are being moni-
tored within 66 permanent, square, 1-ha plots spanning
the experimental landscape. Live trees in each plot were
marked and mapped and their diameters recorded, with
measurements taken above the buttresses for buttressed
trees. On average, 95.3% of all trees in each plot were
identified to species (or morphospecies) level, using sterile
or fertile material from each tree. Voucher specimens are
housed in the BDFFP Plant Collection, Manaus, Brazil.
The subset of 40 plots used for this analysis contained
1105 identified tree species with a range of 224 to 293
species and 546 to 754 stems per plot.

Because we were interested in the relationship between
floristics and environmental patterns in undisturbed forest,
we used data only from the initial tree census in the early-
mid 1980s, completed before the BDFFP fragments were
created and when the whole area was continuous forest.
The distances between the 40 plots ranged from 0.10 to
32.5 km, with an average interplot distance of 13.8 km.

Soil data

The dominant soils in the study area are xanthic fer-
ralsols (using the FAO/UNESCO system; Beinroth 1975).
Ferralsols are widespread in the Amazon Basin, heavily
weathered, and usually have a low base saturation. They
often are well aggregated, porous, and friable, with variable
clay contents. Clay particles in ferralsols can form very
durable aggregations, giving the soil poor water-holding
characteristics, even with high clay contents (Richter &
Babbar 1991). Xanthic ferralsols in the Manaus area are
derived from Tertiary deposits and are typically acidic
and very poor in nutrients such as P, Ca, and K (Chauvel
et al. 1987).

A total of 21 soil parameters and 1 topographic pa-
rameter (slope) was collected from the plots. Each 1-ha
plot was divided into 25 quadrats of 20 m x 20 m each
from which soil-surface samples (0-20 cm depth) were
collected. The maximum slope within each quadrat was
measured with a clinometer, then averaged to yield a
mean value for the plot. To assess soil parameters, 9-13
quadrats were selected per plot, using an alternating pat-
tern to provide good coverage of the plot. Within each
quadrat, 15 surface samples were collected at haphazard
locations using a soil auger, then bulked and subsampled.
The organic matter layer was removed before sampling.
The laboratory methods used for soil analyses are detailed
in Fearnside and Leal-Filho (2001), and summarized in
App. 1.

Because many soil variables were intercorrelated, we
used Principal Components Analysis (PCA) to identify ma-
jor trends in the soil data using the 40 plots with complete
soils data. The first PCA axis explained 50% of the total
variance in the soil data and was strongly correlated with
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soil texture (fractions of clay, sand, and silt), total N, C
content, total exchangeable bases, and several individual
cation concentrations (Zn, Mg, Mn) (App. 2; Laurance et
al. 1999). Because these parameters are strongly associated
with soil fertility (Laurance et al. 1999), we hereafter refer
to PCA axis 1, and the soil variables strongly correlated
with it (particularly clay content), as the main soil-fertility
gradient.

Statistical analyses

In both the community and species level analyses, we
sought to assess the relative importance of geographic
distance (both broad- and fine-scale) and environmental
variables in determining community composition and
species abundance patterns. The community level analysis
was based on interplot geographic distances and interplot
differences in floristics and environmental variables.
The individual species analysis was based on species
abundances, geographic coordinates, and levels of the
environmental variables in each plot. Interplot distances
were used in the individual species analysis to measure
fine-scale spatial autocorrelation among plots. We used
one topographic and five soil variables in the analyses.
One of the soil variables was clay content, which was
employed as a surrogate for the main soil-fertility gradient
because it was very strongly correlated with PCA axis 1
(r=-0.97) and was available for all 66 plots, rather than
just the 40 plots used in the PCA. The other five variables,
pH, C:N ratio, water content, phosphate, and slope, were
only weakly correlated with the main soil-fertility gradient
and with one another. Using Tukey’s ladder of powers,
the soil and topographic variables were transformed to
reduce skewness (Table 1), so that the skewness of all
transformed soil variables < |1l. Geographic distance
was log-transformed to account for the main distance-
dependent process, dispersal limitation, which isexpected
to cause logarithmic distance decay (Condit et al. 2002).
Analyses were performed using the R 2.1.1 and S-Plus
7.0 statistical packages (www.R-project.org and Insight-
ful Corporation, Seattle, WA, USA), including the S-Plus
Spatial Module (Kaluzny et al. 1998).

Community level analyses

We used three methods, based on interplot similarity
matrices, to assess how changes in tree species composi-
tion are related to distance and soil composition/topog-
raphy at the community level. First, we plotted interplot
floristic similarity against interplot geographic distance
and interplot similarity in soils. Second, we used Mantel
tests to identify correlations between interplot similarity
matrices (Legendre & Legendre 1998; Smouse etal. 1986).
Mantel tests, which test for linear relationships between

interplot differences, were deemed appropriate because
plots of floristic similarity versus interplot differences in
transformed distance and environmental variables showed
no ‘hump-shaped’ relationships. Partial Mantel tests were
used to test the strength of relationship between floristic
similarity and similarity in soil and topographic vari-
ables, while removing the portion of correlations based
on interplot geographic distance alone. Third, we used
multiple regressions on the interplot-distance matrices,
described further below, to assess the relative importance
of the soil and topographic variables and to partition the
variance in floristic similarity among geographic distance
and environmental factors (Legendre et al. 1994; Legendre
& Legendre 1998).

Interplot floristic similarity was calculated with both
Steinhaus’ index, which incorporates species abundances,
and Sgrensen’s index, which is based on presence/absence
data (Legendre & Legendre 1998). For all three analyses,
both indices yielded similar results. The results for Stein-
haus’ index are included in the text and those based on
Sgrensen’s index can be found in the appendices. For the
geographic-distance matrix, log-transformed Euclidean
distances between plot-center coordinates were used. For
the soil and topographic distance matrices, the differences
between transformed values were used.

The change in floristic similarity with distance in the
BDFFP plots was compared with distance decay in floristic
similarity from plot networks in Panama, Ecuador and Peru
(Condit et al. 2002; Pitman et al. 2001). The climate in
Peruvian and central Amazonian sites average 2200-2300
mm/year with a 3-month dry season. The site in Ecuador
is aseasonal with 3200 mm/year rainfall on average. The
Panamassites have the most geographic variation in rainfall
(1800 - 3000 mm/year). Methods in these other studies and
this one were similar. In all plots, trees = 10 cm DBH were
used and all plots were 1 ha in size, except a single plot in
Peru whichis 0.875 ha. Because the species were identified
by different botanists, there is potential for incongruent
species identifications among the plot networks.

The relative contributions of distance and environmen-
tal variables were estimated using multiple regressions on
the distance matrices. In this procedure, the distance matrix
of interplot floristic similarity is the response variable,
and the explanatory variables are interplot geographic
distance and similarity in environmental variables. The
matrix regression mimics normal regression, except the
probability of the strength of relationship between response
and explanatory variables is determined by permuting the
original matrices 999 times and comparing the distribution
of r-values from the permutations against the observed
value. Both forward and backward selection was used to
choose the distance and environmental variables in the
final model as follows. First, forward selection was used
to add variables at a Bonferroni-corrected significant level
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of 0.005. Then backward elimination was applied to the
model with all variables from the forward selection. The
resulting final model was the most parsimonious model
that explained the greatest variance in floristic similarity
(RT) and included both distance and environmental vari-
ables together. We generated two additional models witha
reduced number of variables. A distance-only model (RG)
removed the environmental variables from the full model
and the environment-only model (RE) removed distance.
The results of these three models were used to partition
the variation in floristic similarity into four fractions: pure
geographic (RPG), purely environmental (RPE), mixed
geographic-environmental (RPX), and unknown (RUN).
These were calculated as follows:

RPG =RT - RE; RPE =RT - RG;

RMX =RE+RG-RT;RUN=1-RT

(cf. Borcard et al. 1992; Duivenvoorden et al. 2002; Tuo-
misto et al. 2003c). Multiple regressions on distance matri-
ces were done with Permute 3.4 (Legendre et al. 1994).

Individual species level analyses

To assess patterns in individual species, we used a
series of regression models that include the effects of
environmental and geographic distance variables on
species abundances. Then, we used information-theoretic
approach to determine which models provided the most
explanatory power for the species abundance data (Burn-
ham & Anderson 2002; Svenning et al. 2006). Two types
of geographic distance variables were used (Bahn et al.
2006; Cressie 1993; Kaluzny et al. 1998; Lichstein et al.
2002; Svenning et al. 2006). First, the geographic trend
variable measures how species abundance is related to
geographic positions of the plots in the study area and
thus influenced by broad-scale spatial trends. Second,
the spatial autocorrelation variable measures how spe-
cies abundance in one plot is related to abundances in
neighboring plots.

We used ordinary least square regression (OLS) and
conditional autoregressive models (CAR) models in a
maximum likelihood framework to determine which
combinations of environmental, geographic trend, and
spatial autocorrelation variables best fit the patterns of
abundance for individual species (Lichstein et al. 2002;
Svenning et al. 2006). In species for which local spatial
autocorrelation is important, a CAR model will show a
large effects of spatial autocorrelation term with a corre-
sponding reduction in either unexplained variance and/or
the importance of the broad-scale trend or environmental
variables. If spatial autocorrelation is not important, then
OLS model will perform as well as the CAR models.

We restricted the analyses to 135 relatively common
species, defined as having a mean density of at least one
individual per ha and being present in at least half of

the 40 plots. The species abundance was square-root
transformed to reduce skewness, resulting in only four
of 135 species with skewness | > 1 |. For geographic
trend variables (T), we used the UTM coordinates of
the plots (X and Y) centered on their means and scaled
to unit variance. We used the transformed values of the
four most important environmental variables (E) from the
community level analysis (Table 1) — the main fertility
gradient, slope, pH and C:N ratio - which were centered
and their variance scaled.

Conditional autoregressive (CAR) models are similar
to OLS models, except they include a term in the explana-
tory variables to model the local spatial dependence in
the residuals of the model. The CAR model is specified
as Y = XP + pC(Y-XP) + €, where Y is the vector of
observations, X is the matrix of explanatory variables,
[3 is the vector of regression coefficients, p is the spatial
autoregression parameter, C is a symmetric neighbor-
hood matrix of weights (wij) that quantifies the degree to
which the abundance of ploti is influenced by its neighbor
j» and € is vector of random errors. The neighborhood
matrix of w;. weights is based on the distance between
neighbors and can take different forms depending on the
nature of distance dependence in the system. We used
the form w,, =1/d ij" and tested models that allowed k to
vary between 1 and 4. In the end, weused k=1 (wij =1/
d.) because it generated the highest overall the highest
r- and p values.

We initially developed a set of eight models, referred
to below as the ‘trend/environment/rho’ models, to ex-
plore the relative contribution of broad-scale geographic
trend (X and Y together), all environment variables
together, and fine-scale spatial autocorrelation (p). The
trend/environment/tho models included three OLS
models that contained the following response variables
but lacked the spatial autocorrelation term: intercept,
geographic trend and environment (M, ). intercept and
geographic trend (M,); and intercept and environment
(M,). The three analogous CAR models — M, ;. 0 M.,
0 and My, | - had the same combinations of explanatory
variables plus the spatial autocorrelation parameter
p. The final two models were the p-only CAR model
(intercept + p) (Mp) and the null model with only an
intercept term (M,).

To explore the contribution of the four environmental
variables individually and in all possible combinations,
we also built an additional set of OLS-only models that
included all permutations of geographic trend (X and Y
together) and the four individual soil and topographic
parameters. The outcome of this analysis, referred to
below as the ‘all environmental variables” models, re-
sulted in 32 models.
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Model assessment

The relative support for each model within the two
sets of models was determined using Akaike’s Information
Criterion (AIC), which takes into account both the relative
likelihood (L) of each model and the model complexity,
ie number of explanatory variables (k) included in the
model (Akaike 1981). Because we had a low number of
observations (n) but large number of explanatory vari-
ables (k), we used the small-sample bias-corrected form
of the AIC, AIC, = —2In(L) + 2K + 2K(K + 1)/(n — K — 1).
Because the OLS and CAR functions in S-plus used
different error structures and methods to compute likeli-
hoods, we used the approach of Svenning et al. (2006) to
calculate the OLS likelihood estimates of the CAR models
by adjusting the null CAR model (p = 0) to equal the null
OLS model. The model with the lowest AIC_ among the
OLS and adjusted CAR likelihoods was considered the
best model (AIC min). The difference between the AIC,
of each model and the best model (AAIC ) can be used
to interpret the strength of support for alternative model
compared to the best model. Models with AAIC_ <2 have
strong support and should be considered along with the
best model (Burnham & Anderson 2002).

Another approach to comparing models is Akaike
weights, which can be interpreted as the probability that
model i is the best model for the observed data. Akaike
weights were calculated as: W(i) = exp(—1/2AAIC (i)) /
2 exp(—1/2AAIC (i)) where the denominator is summed
over all models (Burnham & Anderson 2002). The AIC,
weights were calculated for each species, then averaged
over all species to produce a species-averaged Akaike
weight. The probability that the best model includes a
specific explanatory variable was determined by summing
the species-averaged Akaike weights for all models that
include that explanatory variable. For the OLS models of
the “trend/environment/rho”” model, we determined the
amount of variance explained by each explanatory vari-
able using the variance partitioning scheme described in
the community analysis section of this paper.

When there is substantial support for a number of
models, the relative importance of individual explanatory
variables among the models can be assessed by computing
weighted averages of the standardized regression coeffi-
cients. This procedure weights the regression coefficient
for each parameter 3, in each model by the AIC weight
W(i) for that model, then sums over all models f3, . =
ZW()P,. Standardized regression coefficients for each
explanatory variable were determined for each species,
then averaged over species to yield a species-averaged
coefficient for each explanatory variable (Burnham &
Anderson 2002).

For the ‘all environmental variables’ models only, we
tallied the number of common species that had significant
relationships with each environmental variable using a
Bonferroni-adjusted p-value. First, for each species, we
determined if the individual environmental variables in-
cluded in the best model were significant. Then for each
environmental variable, we summed significant relation-
ship over the species. The same procedure was done for
models with strong support.

Results

Community composition

Geographic distance was the most important variable
shaping floristic similarity in the central Amazonian plots.
A Mantel] test between floristic similarity (Steinhaus’ in-
dex) and geographic distance yielded a relatively strong
correlation (r=0.57), which was mostly due to the sharp
decline in floristic similarity between O - 5 km interplot
distances (Fig. 1). Interplot floristic similarity was also
correlated with interplot similarity in the soil and topo-
graphic variables (Table 1, Fig. 2). Half of the six soil
and topographic variables (main fertility gradient, pH and
C:N ratio) showed a significant correlation with floristic
similarity using the simple Mantel tests. Slope was not
significant in the 40 plots, but was significant in the full

Table 1. Results of simple and partial Mantel tests between floristic similarity (as measured by Steinhaus’ index), interplot differ-
ences in environmental variables and interplot geographic distance in central Amazonia. The environmental variables and distance
have been transformed. The Mantel correlation coefficient (r) and significance level (p) is shown for each test. Relationships in
bold are statistically significant at a Bonferroni-adjusted level of p < 0.007.

Independent variable Transformation Variable ~ Floristic similarity ~ Floristic similarity ~
distance variable variable | distance

r P r P r P
Geographic distance log10(x) -- - 0.57 0.0005 - --
Main fertility gradient x2 0.17 0.0020 0.43 0.0005 0.41 0.0005
pH X 0.41 0.0005 0.31 0.0005 0.10 0.0640
Slope x0-3 0.06 0.0645 0.15 0.0220 0.14 0.0340
C:N ratio -x3 0.19 0.0005 0.28 0.0005 0.21 0.0030
Water x0-3 0.06 0.0630 0.17 0.0090 0.16 0.0115
Phosphate x2 0.09 0.0240 0.11 0.0445 0.07 0.1280




868 Bohlman, S.A. etal.

0.70

0.65 = Central Amazon, Brazil
: i'l oe=n Panama

060l == Pearu

- Ecuador

Sarensen index of similarity

10 20 30 40
Distance {km)

Fig. 1. Floristic similarity (measured with Sgrensen’s index)
as a function of geographic distance between plots in central
Amazonia and three other Neotropical plot networks. Data
for Panama, Peru, and Ecuador were adapted from Condit et
al. (2002). The data points are for central Amazonia only. The
lines were generated by classifying the floristic similarity data
based on clusters of interplot distances and taking the average
in each distance class.

66 plots (App. 3). Using partial Mantel tests to account for
trends in floristic similarity related solely to geographic
distance, only the main fertility gradient and C:N ratio
were significant with correlation coefficients at 0.41 and
0.21, respectively (Table 1).

In the multiple regression analysis considering all the
explanatory variables together, the final model contained
interplot geographic distance and the main fertility gradi-
ent (Table 2, App. 4). Geographic distance had a higher
standardized regression coefficient than the main fertil-
ity gradient. Partitioning the variance, pure geographic

Table 2. Standardized regression coefficients from multiple
regression analyses with interplot floristic similiary (Steinhaus
index) as the response variable and interplot geographic dis-
tance and interplot variation in six environmental variables as
the explanatory variables. A Bonferroni-corrected p-value of
0.005 was used in forward and backward selection to derive
the final model from the full model.

Full model Final model
coefficient (p) Coefficient (p)
Distance 0.43 (<0.0001) 0.52 (0.0010)

Main fertility gradient 0.33 (< 0.0001) 0.34 (0.0010)

pH 0.14 (0.0040)
C:N ratio 0.09 (0.0340)
Water 0.09 (0.0420)
Slope 0.05 (0.1690)
Phosphate 0.10 (0.0190)
e 0.49 (0.0001) 0.4 (0.0005)

distance explained 26% of the community floristic vari-
ation, environmental factors (soil and topographic vari-
ables) explained 12%, and the interaction of distance and
environment explained 7%, with 56% of the variation
unexplained.

The plots in central Amazonia had lower overall beta
diversity than did comparable plot networks in Peru, Ec-
vador, and Panama (Fig. 1). At small interplot distances
(0-2.5 km), the three Amazonian networks had comparable
floristic similarity between 0.45 and 0.52 fraction of shared
species (the similarity of the Panama plots was much
higher), but they diverged at larger distances (>2.5 km). At
interplot distance 10 - 30 km, the similarity of the central
Amazon plots remained fairly constant at 0.45, whereas
the similarity within the Peruvian plots decreased steeply
from 0.45 to 0.32. considerably lower than the central
Amazon between 0.25 - 0.35 shared species. The floristic
similarity between 10 and 30 km was considerably lower
for Ecuador and Panama than for central Amazonia, which
was between 0.25 - 0.35.

Individual species

As in the community level analysis, geographic trend
had somewhat greater importance than environmental
variables in determining individual species abundances.
Geographic trend was included in the best model for 41%
of species compared to 30% for the environmental vari-
ables (Table 3, App. 5). However, considering all models
with strong support, which are plausible alternatives to the
best model, 89% of species contained the environmental
variables compared to 59% that included the geographic

Steinhaus Index

0 10 20 30 40 50

Difference in % Clay

Fig. 2. Floristic similarity (Steinhaus’ index) as a function of
differences in percent clay (an indicator of the main fertility
gradient) between 40 plots in central Amazonia. Inset is a plot
of floristic similarity versus differences in C:N ratio between
plots. The lines are based on a linear regression.
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Table 3. Comparison of trend/environment/tho models with all possible combinations of broad-scale geographic trend, environ-
mental variables (main fertility gradient, slope, pH and C:N ratio together) and fine-scale spatial autocorrelation (p). The AIC,
weights were averaged over all species. The AIC, weights can be interpreted as the probability that the model is the best model in

this set for the observed data.

Model All models Best model Best model or strong support ~ Best model
AIC, weights # spp. # spp- r?
Geographic trend + environment 8% 9 (7%) 37 (27%) 0.46
Geographic trend 22% 41 (30%) 97 (72%) 0.23
Environment 14% 24 (18%) 65 (48%) 0.34
Geographic trend + environment + p 5% 1(1%) 30 (22%) NA
Geographic trend + p 12% 7 (5%) 48 (36%) 0.46
Environment + p 8% 5 (4%) 76 (56%) 0.45
P 12% 7 (5%) 71 (53%) 0.18
Null 20% 41 (30%) 75 (56%) NA
Geographic trend in any model 46% 56 (41%) 79 (59%) 0.30
Environment in any model 35% 41 (30%) 120 (89%) 0.39
p in any model (CAR) 37% 20 (15%) 135 (100%) 0.37
No p in model (OLS) 44% 74 (55%) 133 (99%) 0.30

trend variables (Table 3). The summed AIC weights, which
is a measure of the weight of evidence that a variable
should be included in the final model, were somewhat
greater for broad-scale geographic trend (46%) than for
the environmental variables (35%) (Table 3).

There was some, but not strong, support that spatial
autocorrelation (p), ie fine-scale structuring, is impor-
tant in this data set. The summed AIC weight for any
model with p was 37%, equal to that of models contain-
ing the environmental variables (Table 3). But spatial
autocorrelation was included in only 15% of the best
models (CAR models); 55% of best models had no p
parameter (OLS models) (Table 3). In 80-95% of species
where a specific CAR models (for example, geographic
trend + p) had strong support, the corresponding OLS
model (for example, just geographic trend) also had
strong support, suggesting that either a CAR or OLS
model could be chosen for each species. The null model
had quite strong support with an AIC weight of 20%
(Table 3). For 30% of species, the null model was the
best model, and for over half the species, the null model
had strong support, meaning that a model that included
atleast one environmental or distance variable was only
slightly better than a model with just an intercept.

The partitioning of the variance from the OLS
models showed that 15% of the variance was explained
by environmental variables, 8% by geographic trend
and 8% by trend + environment. On average across
species, the large majority (70%) of variance in species
abundance was unexplained. For just the CAR models,
the average variance explained (#2) for the full model
(RT) was 33%, thus the average unexplained variance
(1-RT) was 67%, similar to the unexplained variance
in the OLS models.

Importance of individual environmental variables

We used the ‘all environmental variables’ OLS models
to determine the relative importance of the four envi-
ronmental variables for species abundances. Of the four
environmental variables, the main fertility gradient and
pH were more important in structuring species abundance
than slope and C:N ratio. Both the main fertility gradient
and pH were included in the best model for 39% of the
species (Table 4, Apps. 5, 6). Also, the main fertility gra-
dient and pH had higher AIC_ weights than the other two
environmental variables (Table 4). It is important to note,
however, the data could not definitively arbitrate between
the different models, as each environmental variable was
included in at least one model that had strong support.

In the models with the best support, the main fertility
gradient had a significant p-value for the most number of
species (16%) compared to pH (9%), C:N ratio (3%) and
slope (1%) (App. 5). Similarly, for models with strong

Table 4. Summary of results from ‘all environmental vari-
ables’ ordinary least squares (OLS) models, which includes
all possible combinations of geographic trend and the four
environmental variables as explanatory variables resulting in 32
models. For each species, AIC_ weights were calculated as the
sum of AIC_ weights from all models that include the variable.
Then the AIC, weight for each variable was averaged over the
species. Individual model results are given in App. 5.

Sum of AIC; Best Best model

Model weights model or strong support
#spp # spp

Null 5.1% 18 (13%) 58 (43%)
Main fertility gradient in any model ~ 49.0% 52 (39%) 135 (100%)
Slope in any model 39.8% 33 (24%) 135 (100%)
pH in any model 46.2% 53 (39%) 135 (100%)
C:N ratio in any model 36.2% 20 (15%) 134 (99%)
Geographic trend in any model 43.5% 49 (36%) 134 (99%)

Environmental variable in any model 89.6% 104 (77%) 135 (100%)
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support, the significant p-values were greatest for the main
fertility gradient (21%), followed by pH (10%), slope (5%)
and C:Nratio (4%). 25% of the species had atleast one envi-
ronmental variable that was significant in the best model and
33% of the species had at least one significantenvironmental
variable included in a model with strong support. There was
evidence that certain species-rich families and genera have
strong trends with particular environmental variables. The
7 common Moraceae, the 11 Eschweilera (Lecythidaceae),
and the 9 Protium (Burseraceae) species showed a strong
relationship with the main fertility gradient (cf. Fine et al.
2004, who also found clay and sand specialists in the genus
Protiumy), the six Licania (Chrysobalanaceae) species and
five Myristicaceae species had a strong relationship with
slope and C:N ratio, respectively (App. 5).

Finally, for model-averaged standardized regression
parameters in the OLS models, the main fertility gradient
and pH had the highest absolute coefficients averaged
over all species (Table 5). Of the species with high coef-
ficients (> 0.10) for slope (32 species), 72% had positive
coefficients, indicating that species tended to have greater
abundance on steeper slopes. The main fertility gradient
also had more species with positive than negative coef-
ficients (Table 5). Of the species-rich taxa, Licania had
high abundance on steeper slopes and Eschweilera tended
to have higher abundance at sites with low clay content,
and low amounts of nitrogen, carbon and cations (App. 5).
pH and C:N ratio had more equal numbers of species with
strong negative and positive relationships (Table 5).

We used the value of 34% as the number of species
with a significant relationship with environmental vari-
ables to compare the results of this study to other studies.
This was the percentage of species that had significant
relationships with any environmental variables in the best
or strongly-supported model in set of the “all environmen-
tal variables’ models. The 34% value also matches the

Table 5. Weighted standardized regression coefficients for
individual environmental variables averaged across all spe-
cies. The regression coefficient for each standardized parameter
3, in each model is weighted by the AIC weight W(i) for that
model, then summed over all models 3, =2W(i)3;. The models
used to calculate these coefficients was the ‘all environmental
variables’ models, which included all possible combinations
of one geographic trend and four environmental variables for
a total of 32 models (App. 5). The coefficients can be positive
or negative, depending on the slope of the relationship between
species abundance and the environmental variable. The mean
is derived from the absolute value of the coefficient.

No. of species with coefficients > 0.10

Environmental variable Mean Positive slope Negative slope
Main fertility gradient 0.141 34 (25%) 20 (15%)
Slope 0.069 23 (17%) 9 (T%)

pH 0.112 32 (24%) 24 (18%)
C:N ratio 0.059 12 (9%) 11 (8%)

percentage of species for which environment was included
in the best model for the set of trend/environment/rho
models (Table 3).

Discussion

Community floristic similarity

In our study, both geographic distance and environ-
mental variables were important in determining commu-
nity floristics patterns. The effect of geographic distance
on floristic similarity was strongest at distances of 0-5
km, but then became relatively unimportant at distances
of 5-30 km. A steep decline in similarity at local distances
and a more gradual decline at larger distances has been
reported throughout the Neotropics (Condit et al. 2002;
Normand et al. 2006; Tuomisto et al. 2003¢; Vormisto
et al. 2004), and is consistent with the important role of
dispersal limitation in determining beta diversity (Condit
et al. 2002).

The main soil-fertility gradient influenced floristic
similarity at all spatial scales, with widely separated sites
on similar soils tending to be more similar floristically
than nearby sites on differing soils (see also Rankin-de
Meronaet al. 1992). The dominant soil trend in our central
Amazonian landscape appears to be a gradient between
clay-rich soils with higher organic matter, cation con-
centrations and nitrogen, and sand-dominated soils with
opposite characteristics (Chauvel et al. 1987; Laurance et
al. 1999; Richter & Babbar 1991). Comparable trends are
found in other tropical forests where soil texture and cation
concentrations strongly influence plant species composi-
tion (Phillips et al. 2003; Tuomisto et al. 2003a, b; Webb
& Peart 2000). The C:N ratio of soils, which reflects soil
nitrogen mineralization, also had a impact on community
floristics. The relationship between C:N ratio and floristic
composition has not been reported in other tropical forests,
but can be important in temperate forests (Elgersman &
Dhillion 2002; Schuster & Diekmann 2005).

Landscape and regional patterns

The plots in central Amazonia exhibit two notable
trends compared to the plot networks in northwestern
and southwestern Amazonia: consistent levels of floristic
similarity for plots >5 km apart and relatively low beta
diversity (Condit et al. 2002; Macia & Svenning 2005;
Pitman et al. 2001). The differences in floristic similarity
between the sites may result from different dispersal or
speciation dynamics in central Amazon versus western
Amazon forests (Condit et al. 2002). The uniformity in
floristic similarity with increasing distance suggests that
the central Amazonian landscape is dominated by a small
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group or ‘oligarchy’ of common species (cf. Pitman et
al. 2001). Similar to the western Amazon sites, 61% of
the stems in central Amazonia are common species with
densities of at least one stem per hectare. The oligarchy
of common species on nutrient-starved soils of central
Amazonia tends to be quite distinct from that of the geo-
logically younger and richer soils of the western Amazon
(Gentry 1990; Terborgh & Andresen 1998). Yasuni and
Manu share 42 of their 150 commonest species (Pitman et
al. 2001), but the central Amazon shares only 18 common
species with Yasuni and 8 species with Manu. Although
the common species of central Amazonia do not overlap
with the common species in western Amazonia, we do
not expect the common central Amazonian species to be
specialist species localized to the BDFFP plots, as common
species in other Neotropical forests tend to be widespread
regionally and locally abundant (Duque et al. 2003; Eilu
et al. 2004; Pitman et al. 2001).

Distance vs. environment in individual species

Broad-scale geographic trend and the environmental
variables were both important in determining individual
species distributions. Spatial autocorrelation was less im-
portant, found in only 15% of the best models. The majority
of the variance in individual species was not explained by
geographic distance, environmental variables or spatial
autocorrelation, indicating the importance of stochastic
processes and possibly unmeasured environmental vari-
ables for species distributions.

Because of the high community floristic similarity at
interplot distances less than 5 km, we expected distance
variables to be important for individual species. Fine-scale
spatial autocorrelation was less important and broad-scale
trend more important than we expected. The lack of
spatial autocorrelation may be due to the relatively large
distances between plots. The minimum distance between
plots was 100 m, whereas density dependent processes,
such as dispersal limitations and Janzen-Connell effects,
influence tree densities and dynamics at shorter spatial
scales of 30 m or less (Condit et al. 2000; Hubbell et al.
2001; Queenborough et al. 2007).

The strong relationship between broad scale spatial
trend and abundance for many species could have several
underlying environmental or historical causes. The flora
of the Manaus area is composed of species from several
phytogeographic regions and many species are at the limit
of their known range boundaries (Oliveira & Daly 1999).
The expansion or contraction of these boundaries may
leave geographic trends in some species’ densities. The
geographic trend in species abundance could result from
unmeasured environmental variation. The western portion
of the BDFFPis part of a different watershed and geologi-
cal formation than the eastern portion. The road between

Manaus and Caracas, which was constructed in the late
1960’s, runs through the western portion of the study area,
although not within 5 km of any plot. Although the wide,
disturbed right-of-way of this road could be a source of
pioneer species, we believe that the likelihood is small that
this factor could have affected the populations of trees =
10 cm dbhin the study plots by the 1980s when our survey
data were collected. Clues to the causes of the geographic
variation might be obtained by investigating the species-
rich families and genera that showed strong relationship
geographic trend. In particular, the nine common Protium
and 16 common Lecythidaceae species showed a strong
relationships with geographic trend (App. 5).

Important environmental variables for species abun-
dances

As with community floristic similarity, the main fertil-
ity gradient was the mostimportant environmental variable
in relation to individual species abundances. However,
pH was clearly the second most important environmental
variable, in contrast to the community floristic similarity
analysis in which C:Nratio was the second most important
explanatory variable. Unlike cation concentration and soil
texture, which seem to be widely important in influencing
floristic patterns in tropical forests, the role of soil pH may
be limited to certain regions or taxa. Soil pH has been
found to have significant relationships with floristics in
some tropical forests (Baillie 1987; Hall et al. 2004; Jones
et al. 2006) but is unimportant in others (Paoli et al. 2006;
Ruokolainen & Tuomisto 1998; Tuomisto et al. 2003a),
including the Ducke Reserve in central Amazonia (Costa
et al. 2005). Higher species abundances on soils of low
pH might be expected due to the evolutionary origin of
Amazonian flora of soils of low pH (Partel 2002). How-
ever, there were equal numbers of species with positive
and negative species coefficients for pH, which does not
lend support for greater species abundances at lower pH
in this community.

Itis important to note that for each species, each envi-
ronmental variable was included in atleast one model with
strong support (Table 4), indicating that no single model
definitively fit the data better than the other models. To
narrow the candidates for the best fit model would require
either more data or reducing the number of models under
consideration (32 for the ‘all environmental variables’ set
of models). The analysis provided here can help guide the
choice of the appropriate environmental variables for dif-
ferent species, genera and families for further study.

Meta-analyses across tropical forests

The proportion of species having significant relation-
ships with soil factors varied widely (25-82%}) among stud-
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Fig. 3. Comparison of the percentage of individual species with
significant relationships with soil and topographic variables
versus the total number of species for 14 studies in tropical
forests. Squares indicate studies where individual soil or topo-
graphic variables were used. Circles indicate studies where
plots were divided into two or more distinct habitats. X indicates
that the species in the study were only drawn from one or two
particular taxa, such as only Dipterocarpaceae, or only palms.
Information on the studies can be found in App. 7.

ies of tropical forests (Fig. 3, App. 7). The methodologies
of different studies varied tremendously, making it difficult
to compare among them. For example, the number of plant
taxa analysed ranged from just a single genus (Entandro-
phragma) (Hall et al. 2004), a single family (Lauraceae,
Dipterocarpaceae, Sterculiaceae) (Paoli et al. 2006; Sri-
ngernyuang et al 2003; Yamada et al. 2006), and a single
plant form (ferns or palms) (Svenning et al.1999; Tuomisto
et al. 2002), to all trees (Cannon & Leighton 2004; Clark
et al. 1998, 1999; Harms et al. 2001; Miyamoto et al.
2003; Phillips et al. 2003; Webb & Peart 2000). Despite
these differences among studies (App. 7), one trend was
apparent. The percentage of species with significant soil
and topographic relationships was negatively correlated
with the total number of species examined (Fig. 3). Among
four studies that examined 100 or more species, all had a
comparatively low percentage (25-55%) of species with
significant soil or topographic relationships. The other ten
studies had 55 or fewer species and the range of species
with significant soil or topographic relationships was
higher, between 65-82% for nine of the ten studies. Our
study, in which 34% of the species were significantly
related to at least one soil variable, was within the range
of studies examining a large number of species. Other
factors, such as the taxa, geographic region, soil variables
or habitat type, study-area size, or total plot-area sampled,
did not influence the proportion of species with siginficant
environment relationships. It is possible that studies with
a small number of species focus on species with previous
observations of habitat specialization. Another possibility

is that the studies with large numbers of species contain
more rare species and fail to detect environmental rela-
tionships in the rare species because of low sample size.
The environmental variation within each study site was
difficult to compare with the information provided in the
literature, but would certainly be an important next step in
ameta-analysis. To definitively study community floristics
relationships with soil and topographic variables, more
studies with large numbers of species and with soil data
collected in a standardized manner are needed.
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