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ABSTRACT

Studies of tropical rain forest beta-diversity debate environmental determinism versus dispersal limitation as principal mechanisms underlying floristic variation. We
examined the relationship between soil characteristics, terrain, climate variation, and rain forest composition across a 3000 km2 area in northeastern Costa Rica.
Canopy tree and arboreal palm species abundance and soils were measured from 127 0.25-ha plots across Caribbean lowlands and foothills. Plot elevation, slope,
temperature, and precipitation variation were taken from digital grids. Ordination of forest data yielded three floristic groups with strong affinities to foothills and
differing lowland environments. Variation in floristics, soil texture, and climate conditions showed parallel patterns of significantly positive spatial autocorrelation
up to 13 km and significantly negative correlation beyond 40 km. Partial Mantel tests resulted in a significant correlation between floristic distance and terrain,
climate and soil textural variables controlling the effect of geographical distance. Separate comparisons for palm species showed significant correlation with Mg and
Ca concentrations among other soil factors. Arboreal palm species demonstrated a stronger relationship with soil factors than did canopy trees. Correlation between
floristic data and geographical distance, related to seed dispersal or unmeasured variables, was not significant after controlling for soil characteristics and elevation.
Canopy trees and palms showed differing relationships to soil and other environmental factors, but lend greater support for a niche-assembly hypothesis than to a
major role for dispersal limitation in determining species turnover for this landscape.

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp
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DETERMINING FACTORS THAT DRIVE RAIN FOREST BETA-DIVERSITY is
fundamental to characterizing the floristic composition of Neotropi-
cal landscapes. Rapid deforestation since the 1950s has left dispersed
forest fragments over much of Central and South America that are
important to maintaining regional floristic diversity (Defries et al.
2005, Mayaux et al. 2005). Beta-diversity, defined here as the spa-
tial turnover in species composition (Condit et al. 2002), is well
integrated into temperate zone biodiversity assessment (Scott and
Jennings 1998), but has yet to play a prominent role in conservation
planning for tropical areas. Floristic variation with respect to envi-
ronmental differences and geographical location is poorly quantified
for wet tropical areas given logistical constraints and challenging tax-
onomy (Ruokolainen et al. 1997). As a result, differences in rain
forest composition are broadly characterized by relatively few forest
types with wide reaching implications for biodiversity conservation
(Tuomisto et al. 2003a).

Distinctive floras on poor fertility or inundated sites are well
acknowledged aspects of rain forest beta-diversity (Ter Steege et al.
1993, Duivenvoorden 1995, Tuomisto et al. 1995, Duque et al.
2002). Recent quantitative assessments of Panamanian and Amazo-
nian forest plots provide evidence that forest composition on tierra
firme sites (e.g., nonflooded or less extreme edaphic environments)
varies with greater consistency than previously considered (Condit
et al. 2002; Phillips et al. 2003; Tuomisto et al. 2003a, b; Chust et al.
2006). However, factors accounting for floristic variation contrast
between geographical location, scale of analysis, and plant groups
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investigated (Ruokolainen and Tuomisto 2002, Phillips et al. 2003).
For example, Condit et al. (2002) found that tree species similar-
ity for Panamanian forest plots was as low as 1 percent at 50 km
distance, but showed consistent similarities of 30–40 percent up to
100 km apart for Amazonian plots.

Contemporary points of view distinguish between niche and
dispersal assembly as principal mechanisms for variation in rain
forest composition (Hubbell 2001, Jones et al. 2006). From as
early as Gleason (1927) and Whittaker (1967), niche theory posits
that plant species show nonrandom distributions that vary accord-
ing to environmental conditions. Environmental determinism and
competitive interaction are assumed to mediate plant community
organization and are frequently the basis for models of floristic pat-
terns (Franklin 1995, Austin 2002). A growing number of tropical
studies reveal that soil, climate, and topographic differences are
significantly related to rain forest tree, fern, and palm species distri-
butions at local (< 1 km2; Ruokolainen et al. 1997, Vormisto et al.
2004a, Poulsen et al. 2006, John et al. 2007), meso-scale (1–100
km2; Clark et al. 1995, 1999, Jones et al. 2006), landscape-scale
(100–10,000 km2; Tuomisto et al. 1995, 2003a, b, c, Pyke et al.
2001, Phillips et al. 2003), and continental scale (> 100,000 km2;
Ter Steege et al. 2006).

In contrast, dispersal assembly challenges whether environ-
mental factors are principal drivers of the present variation in old-
growth rain forest composition (Hubbell et al. 1999, Hubbell 2001,
Condit et al. 2002, Chust et al. 2006). Hubbell et al. (1999) noted
that small-scale disturbance accommodates opportunistic establish-
ment by individuals from the surrounding meta-community, rather
than by species with a competitive advantage. In the event that
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disturbances, common to Neotropical rain forest (Hartshorn 1980,
Hubbell et al. 1999), and seed dispersal are highly random occur-
rences, tree species similarity is expected to decline logarithmically
with increasing geographical distance (Hubbell 2001, Condit et al.
2002). Thus, an alternative hypothesis is that distance dependent
processes significantly influence forest composition, above that from
environmental factors.

Chust et al. (2006) conclude that geographical distance related
to seed dispersal was a stronger predictor of tree species composi-
tion than precipitation or elevation variables from plots across the
Panama Canal Watershed, consistent with a dispersal limitation hy-
pothesis. However, no data were available to assess soil differences
related to forest composition, as noted by the authors (Chust et al.
2006). Amazonia forest plots further suggest that geographic dis-
tance and dispersal limitation are more strongly related to differences
in palm species abundance than soil and environmental factors at
the landscape-scale (Vormisto et al. 2004b, Normand et al. 2006).
In contrast to these studies, soil nutrient status and physical char-
acteristics have shown significant correlation with tree, palm, and
fern species on rain forest plots at multiple spatial scales (Duque
et al. 2002, Phillips et al. 2003, Jones et al. 2006, Poulsen et al.
2006, John et al. 2007). Environmental factors can show strong
covariance patterns with vegetation at increasingly distant sample
locations (Legendre & Fortin 1989). In the case where multiple
factors are correlated with floristic composition, spatial autocor-
relation among variables can add greater importance to observed
relationships than is actually warranted (Wagner & Fortin 2005).

The present study evaluates relationships between rain for-
est composition and environmental factors on tierra firme sites in
northern Costa Rica. We sought to clarify quantitative relation-
ships between forest composition, soil, and climate factors for a
3000 km2 Caribbean forest landscape accounting for the effect of
spatial autocorrelation. Our objectives were to: (1) quantify floristic
and environmental differences among old-growth forest remnants
at a landscape-scale; (2) assess the degree of spatial autocorrela-
tion for floristic data and environmental variables at increasingly
distant sample locations; and (3) compare statistical relationships
between niche and geographical factors, such as dispersal limita-
tions, random disturbance, and metapopulation dynamics, relevant
to principle theories associated with rain forest beta-diversity.

Plots were established to measure floristic composition of mid-
to upper-canopy trees and arboreal palms (Arecaceae) and ferns (Cy-
athaceae) in old-growth forest remnants that were the focus of data
collection and analyses. Several studies suggest that spatial variation
sometimes differ among plant groups (e.g., tree vs. palm species)
and the environmental factors evaluated (Ter Steege et al. 1993,
Vormisto et al. 2004a, Jones et al. 2006, Poulsen et al. 2006). With
this study, partial mantel tests using distance matrices from trees
and palms together and palms separately were evaluated to distin-
guish among different plant groups occupying forest canopies and
mechanisms related to patterns of abundance. The logarithm of ge-
ographical distance from spatially referenced plot locations was used
to approximate seed dispersal and distance related processes follow-
ing Hubbell (2001). If species abundance correlates strongly with
geographic distance after controlling for significant environmental

factors, we would expect to see evidence for dispersal-assembly as
a dominant process related to forest beta-diversity. Alternatively,
strong environmental control over species abundance would indi-
cate greater importance of niche factors after controlling the affect
of geographical distance.

METHODS

FIELD MEASUREMENTS.—Tree and soil measurements were taken
from old-growth forest remnants across northeastern Costa Rica
(Fig. 1a). A majority of the plots were located in the San Juan–La
Selva Biological Corridor, which is one the largest forest aggrega-
tions remaining outside national parks in Costa Rica (Watson et al.
1998). The corridor area is a portion of the Mesoamerican Biolog-
ical Corridor that connects protected areas in Costa Rica’s Central
Mountain Range to protected rain forest in southern Nicaragua
(Fig. 1A). Human settlement in the area since the 1950s has re-
duced forest cover to dispersed remnant patches situated between
pasture and croplands (Butterfield 1994).

The physical environment is influenced by elevation that ranges
from sea level to > 3000 m in the Central Volcanic Range (Lieber-
man et al. 1996). Lowland terrain is a mixture of alluvial terraces,
swamplands, and steep hills reaching 400 m elevation (Fig. 1B).
Soils are mainly Pleistocene aged Ultisols derived from andesitic
parent material with evidence of ash falls > 500 m asl (Grieve et al.
1990, Sollins et al. 1994) and Inceptisols derived from alluvial and
colluvial deposits overlaying old lava flows (Hartshorn & Peralta
1988, Sollins et al. 1994). Temperatures average near 24◦C in the
lowlands that decreases to as low as 10◦C at the highest elevations
(Lieberman et al. 1996) with greater seasonal variation in the low-
lands (Fig. 1C, D). Annual precipitation ranges from 4500 mm
in the foothills (Hartshorn & Peralta 1988, Grieve et al. 1990) to
3000 mm in western lowland sites according to meteorological sta-
tion records and precipitation grids described below (Fig. 1E). The
eastern lowlands and the foothills have consistently high monthly
rainfall ≥ 150 mm throughout the year. Annual precipitation de-
creases with distance from the Caribbean Coast and lower monthly
precipitation occurs during March in western lowlands averaging <

100 mm rainfall (Fig. 1F).
A total of 127 0.25-ha plots (50 × 50 m) were established at

40–1200 m elevation (Fig. 1B), avoiding extreme site conditions
(e.g., palm and forested swamps). A minimum of two plots were
located in forest remnants that range in size from 40 ha to more
contiguous forest patches > 1000 ha. Plots were positioned follow-
ing a compass line from an accessible point for a minimum distance
of 150 m from a forest edge and at least 300 m from another plot.
Areas with tree harvest, wind, or other evidence of recent distur-
bance were avoided during sampling. Interplot distances range from
0.3 to 61 km. On each plot, a stem dbh (1.37 m above base) and
species name was recorded for all trees ≥ 30 cm dbh and arboreal
palms and ferns (Cyatheaceae) ≥ 10 cm dbh. Tree species were
recorded on site by field taxonomists or sample material was taken
to National Institute for Biodiversity (INBio) Herbarium in San
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FIGURE 1. Plot locations between the Caribbean lowlands and foothills of the Central Mountain Range (lower left) in northeastern Costa Rica. Figures are: (A)

forest (gray) and nonforested areas (white), (B) elevation, (C) mean annual temperature (T), (D) temperature seasonality, (E) total annual precipitation (P), and (F)

minimum monthly precipitation.

José, Costa Rica, for identification by Nelson Zamora. All plots
were geo-referenced from a canopy gap using a global positioning
system with an estimated horizontal error of ca 12 m.

To assess soil conditions, a 40-cm soil sample was collected
at plot center using a 7-cm diameter Dutch-type auger. Soil depth
and presence of a high water table were determined with a 1.5-m
metal probe, though forest plots were not established on sites with
evidence of consistently saturated soil (e.g., water present or strong
gleying). Organic material was cleared from the top 1–2 cm of
each site prior to auguring. Soil was placed in a labeled plastic bag
and transported to the soils laboratory at the Centro Agronómico
Tropical de Investigación y Ensenañza (CATIE) in Turrialba, Costa
Rica. Samples were air-dried in a screened drying room before
laboratory analysis.

Soil chemical and physical properties selected for laboratory
analysis were those likely to affect tree growth and rain forest com-
position (Sollins 1998). Soil pH in water was measured and ex-
tractable K and P were measured using Modified Olsen extractions
with a 0.5 M sodium bicarbonate (NaHCO3) solution at a pH
of 8.5 (Olsen and Sommers 1982). Extractable Ca, Mg, and to-
tal acidity extractions were done in a 1N suspension of potassium
chloride (KCl) using methods documented by Diaz Romeu and
Hunter (1978). Percent soil organic matter (OM) was measured
using the total combustion method following Nelson and Som-
mer (1996) with pretreatment to eliminate carbonates. Soil texture
(percent sand, silt, and clay) was determined by the Bouyoucos
method (Bouyoucos 1936). Textural classes were assigned follow-
ing methods from the USDA Soil Survey Staff (1975). Total acidity
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was used as an indicator of potential aluminum (Al) toxicity and
soil textural features as indicators of drainage and water retention
that potentially affect tropical tree species distribution (Lieberman
et al. 1985, Faber-Langendoen & Gentry 1991, Sollins et al. 1994,
Sollins 1998).

Climate and terrain variables for geo-referenced plots were
taken from digital data layers in a geographic information sys-
tem. Plot elevations were taken from a 90-m digital eleva-
tion model (DEM) obtained from the U.S. Geological Sur-
vey Shuttle Radar and Topography Mission (SRTM) data set
(http://edc.usgs.gov/products/elevation.html). Percent slope was es-
timated from the DEM using the Spatial Analyst extension in Ar-
cMap v. 9.1 (ESRI 2005).

Average annual temperature and precipitation values for plot
locations were taken from WorldClim 30 arc-second grids (ca 1-km
resolution) for comparisons with forest composition (Fig. 1C, E).
The WorldClim bioclimatic data set is designed for niche modeling
of plant and animal species (http://www.worldclim.org/). Digital
surfaces of annual and seasonal climate cycles are derived from local
weather station records of monthly temperature and precipitation,
latitude, longitude, and SRTM elevation data. A description of in-
terpolation methods is found in Hijmans et al. (2005). Coefficients
of variation (CV) and minimum monthly precipitation values were
also used as indices of rainfall seasonality for statistical comparison
with floristic data. Metrics for seasonal temperature variation used
were the average temperature of the coldest month and monthly
temperature standard deviation × 100 that are potentially related
to rain forest composition at this scale (Pyke et al. 2001).

STATISTICAL ANALYSES.—Modified t-tests and Pearson’s correlations
(Pearson’s r) were used to determine significant relationships (P <

0.05) between soil, climate, and terrain variables (e.g., elevation and
slope). Modified t-tests account for the degree of spatial autocor-
relation among variables measured from plot locations using cor-
rected degrees of freedom to assess statistical significance following
Dutilleul et al. (1993).

Statistical comparisons between forest composition and en-
vironmental factors were made using distance matrices. Sørensen
(Bray–Curtis) distance matrices were computed for tree and palm
species abundance combined and palm abundance separately for
comparisons with environmental and geographical distance matri-
ces. A matrix for palm species included 117 plots containing at least
one individual of the four most abundant species (Iriartea deltoidea
Ruiz & Pav., Euterpe precatoria Mart., Socratea exorrhiza (Mart.) H.
Wendl, and Welfia regia Mast). Soil and environmental variables
were log transformed and a separate Euclidean distance matrix was
derived for each one. Geographical distance among plots was log
transformed to approximate the effect of random species dispersal
(Hubbell 2001).

Hierarchical cluster analysis using the Flexible beta linkage
method (beta = −0.25) and Nonmetric Multidimensional Scal-
ing (NMS) were used to characterize floristic composition observed
from plots. Twenty runs with real data and 50 runs with random-
ized data were used to evaluate the stability of the final ordination.
Pearson correlation coefficients between tree species, environmen-

tal factors, geographical distance (e.g., x and y co-ordinates) and
ordination axes were used to interpret NMS results. The PC-ORD
statistics package v. 5.01 was used for these analyses (McCune &
Mefford 1999).

Mantel correlation comparisons (Mantel’s r) between matri-
ces were performed using the PASSAGE statistics package v. 1.1
(Rosenburg 2001). The standardized Mantel statistic is similar to a
Pearson product-moment coefficient, but is calculated comparing
paired distance matrices rather than original variables (Legendre &
Fortin 1989). The degree of spatial autocorrelation between floris-
tic composition, environmental variables, and geographical distance
was first evaluated via Mantel Corrrleograms (Legendre & Fortin
1989). Mantel correlation coefficients were compared for distance
classes ranging from 0–0.5 km to 58–61 km to determine the degree
of spatial autocorrelation among variables at increased interplot dis-
tances. Distance classes were closely spaced initially at 0.5 km and
then at 3-km intervals.

Partial Mantel tests were used to determine relationships be-
tween two distance matrices while controlling the effects of a third
factor (e.g., environmental or geographical distance). Species and
environmental distances were compared after controlling for ge-
ographical distance. Geographical distance itself was considered
an important variable related to the dispersal assembly hypothesis
(Condit et al. 2002, Chust et al. 2006) and compared with floristic
distance after controlling for statistically significant environmental
factors. Statistical significance was tested for each comparison using
Monte Carlo permutations from 999 matrix randomizations (α <

0.05).

RESULTS

SOIL AND TERRAIN CONDITIONS.—Soils showed a wide range of
chemical and physical properties along the gradients sampled
(Table 1). Cation concentrations (Ca, K, Mg), pH, and extractable
P showed a broad range of values, but had relatively low standard
deviations. Greater cation concentrations were found on six plots

TABLE 1. Summarized soil chemical and physical properties from 0.25-ha old–

growth forest plots (N = 127) in northeastern Costa Rica.

Mean Range SD

Ca (cmol(+)/kg) 0.73 0.06–11.0 1.78

K (cmol(+)/kg) 0.08 0.02–0.28 0.04

Mg (cmol(+)/kg) 0.46 0.82–5.59 0.95

Sum of Ca, K, Mg 1.27 0.19–15.2 2.72

P (mg/kg) 2.70 0.47–15.1 1.92

Total acidity (cmol(+)/kg) 2.88 0.10–7.26 1.23

pH 4.57 3.83–6.40 0.38

Organic matter—OM (%) 8 1.70–23.9 4.15

Sand (%) 37 8–81 21.3

Silt (%) 17 7–42 5.56

Clay (%) 46 4–78 20.7
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TABLE 2. Correlation matrix and Pearson coefficients from Modified t-tests comparing soil and terrain variables from plots. Significant correlations (P < 0.05) in bold were

computed with reduced degrees of freedom (effective sample size) corrected for spatial autocorrelation (Dutilleul et al. 1993).

Acidity Ca K Mg P Sand Silt Clay OM Slope Elev

pH −0.53 0.81 0.44 0.82 0.22 −0.02 0.61 −0.14 −0.20 0.07 0.05

Acidity −0.29 −0.16 −0.27 0.01 −0.41 −0.08 0.45 −0.28 −0.14 −0.45

Ca 0.68 0.95 0.44 −0.14 0.63 −0.03 −0.26 0.07 −0.11

K 0.60 0.40 0.24 0.41 −0.36 0.20 0.15 0.23

Mg 0.53 −0.18 0.71 −0.01 −0.27 0.00 −0.15

P −0.11 0.26 0.04 0.01 −0.18 −0.20

Sand −0.25 −0.97 0.80 0.33 0.87

Silt −0.02 −0.31 0.07 −0.12

Clay −0.74 −0.36 −0.87

OM 0.18 0.78

Slope 0.33

measured at low elevation sites contributing to the range observed.
Extractable phosphorous (P) was also highest for these plots. Forest
soils sampled were commonly acidic (pH 4.57 ± 0.38) and low in
bases (Table 1). Significantly positive Pearson correlations between
pH and cation concentrations, and P to a lesser degree indicated a
relationship between acidity and native soil fertility (Table 2). To-
tal acidity was significantly and negatively correlated with elevation
and Mg concentrations, but had low SD across sites (Tables 1 and
2). No significant trend between soil cations and terrain variables
elevation and percent slope was observed (Table 2).

Soil physical properties showed a more substantial difference
across the study area (Table 1). A high range in silt content (7–
42%) and low SD (± 5.6) was attributed to four plots across a
single large forest remnant on lowland flood plains with silty-clay
textures that likely developed from intermittent flooding. These
plots were also the highest in cation and P concentrations. Soil clay,
sand, and organic content differed considerably across the study
landscape and were highly and significantly correlated with elevation
(Table 2). Soils in the foothills of the Central Volcanic Range were
clearly higher in sand and organic material contrasting with clay-
rich soils in the lowlands (Fig. S1). Percent slope showed a negative
correlation with clay and positive correlation with sand content, but
were not significantly related (Table 2).

CLIMATE AND TERRAIN CONDITIONS.—Temperature and precipita-
tion patterns showed notable differences between plots, but did not
reflect extreme climatic gradients (e.g., wet to dry tropical environ-
ments; Table 3). The largest coefficients of variation for monthly
precipitation are approximately half of those found in dry tropi-
cal forest environments (data not shown) as characterized by the
Holdridge Life Zone system (Holdridge 1967). Mean temperatures
were moderately cooler for plots in the foothills (minimum monthly
temperature of 15◦C) with moderate seasonal differences in the low-
lands (Fig. 1C, D). Seasonally lower precipitation was observed for
plots in the western lowlands (Fig. 1F) although annual precipi-
tation was generally high across all plots (Table 3). Metrological

station records obtained for the study area generally confirm tem-
perature and precipitation variation in the lowlands observed from
interpolated WorldClim grids. A drier period > 1000 m elevation
(Fig. 1F) could not be confirmed as weather stations are sparsely
distributed in this area however a decline in annual rainfall > 1800
m is reported in Hartshorn and Peralta (1988) for this area.

The elevation range of plots (41–1222 m) was the most im-
portant source of variation in terrain and showed a strong negative
correlation with temperature seasonality (Pearson r = −0.64, P <

0.001) and minimum monthly temperature (Pearson r = −0.98,
P < 0.001). No other climate variables were significantly correlated
with elevation or slope from Modified t-tests. Precipitation did
not show a significant correlation with elevation. Complex phys-
iographic conditions across the study area likely reduce covariance
patterns as rainfall decreases with distance from the Caribbean coast
and increases then decreases at higher elevations in the Central
Mountains (Lieberman et al. 1996).

FLORISTIC VARIATION AND MEASURED GRADIENTS.—A total of 189
species with > 1 individual encountered on all plots (5066 individ-
uals) were used for statistical analyses. Ninety percent of individuals

TABLE 3. Summarized climate and terrain attributes associated with forest plots

from digital grids.

Mean Range SD

Elevation (m) 267 41–1222 264

Slope (%) 9 0–53 9

Mean monthly temperature (◦C) 25 20–26 1.1

Temperature seasonality (SD × 100) 663 515–762 54

Min. monthly temperature (◦C) 20 15–21 1.2

Annual precipitation (mm) 3976 2853–4530 313

Rainfall seasonality (CV) 32 27–59 6

Min. monthly precipitation (mm) 144 51–187 34
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were identified to the species level. All others were identified to
genus and given a species number that was repeated for individuals
with similar morphological characteristics. Tree species accounted
for 61 percent of the individuals sampled and 38 percent were
four of the most abundant palm species (I. deltoidea, E. precatoria,
S. exorrhiza, and W. regia). Arboreal ferns ≥ 10 cm dbh (Cyathea spp.
Sm.) and other palms (Bactris spp. Jacq. ex Scop.) were measured
on plots, but accounted for 1 percent of all individuals. Fewer plots
at the highest elevations where arboreal ferns are most common
(Hartshorn & Peralta 1988, Lieberman et al. 1996) account for the
low number of individuals recorded in comparison with palms.

To observe floristic variation among plots, three principle floris-
tic groups resulting from a hierarchical cluster analysis of plots were
overlaid on NMS ordinations (Fig. 2). A three dimensional solution
was obtained from ordinations with a final stress index of 16.7 that
was significantly better than if by chance (P < 0.05) from Monte
Carlo randomizations. The amount of variance explained was 22,
30, and 30 percent for axis 1, 2, and 3, respectively (82% total).

Axis 1 explained less of the total variation among plots and
was not strongly correlated with a dominant tree species or floristic
group (Fig. 2A). Plots along axes 2 and 3 were divided into floristic
groups with a strong affinity toward the foothills (N = 31 plots) or
differing lowland environments (Fig. 2B). Lowland sites were dom-
inated by Pentaclethra macroloba (Willd.) Kuntze (N = 61 plots)
showing a strong negative correlation with axis 3 (Fig. 2). Com-
position differences between the two lowland floristic groups were
determined by an increased abundance for trees in the Vochysiaceae
family (e.g., Qualea paraensis Ducke, Vochysia allenii Standl. & L.O.
Williams, Vochysia ferruginea Mart.) that are positively correlated
with axis 3 and abundant palm species negatively correlated with
axis 2 (N = 29 plots; Fig. 2B). Floristic groups were nominally
termed foothills, P. macroloba and Q. paraensis forest in reference to
different tree species composition for each group.

Environmental variables resulting in a strong positive or neg-
ative correlation with ordination axes are given in order of impor-
tance. Floristic differences between the foothills and lowlands along
axis 3 were positively correlated with sand content (r = 0.65) and
plot elevation (r = 0.69) and negatively correlated with all tem-
perature variables (r ≥ −0.70; Fig. 2). Clay content was negatively
correlated with axis 3 (r = −0.63) in the direction of P. macroloba
dominated forest at the lower end of this axis. Axis 2 showed positive
correlation with elevation (r = 0.40) and a negative correlation with
soil texture using a ratio of clay to sand (r = −0.42). Axis 2 was
also negatively correlated with geographical distance (r = −0.61)
in a south to north direction from plot co-ordinates. Axis 1 was
negatively correlated with total annual precipitation (r = −0.71)
and minimum monthly precipitation (r = −0.64) that is likely a
result of decreasing precipitation from east to west across both the
lowlands and foothills (Fig 1E, F). All other environmental factors
showed a weak correlation with ordination axes.

Modified t-tests indicate that a number of the factors correlated
with ordination axes are intercorrelated with each other such as
elevation and clay content (Table 2). These data identify multiple
gradients across both the lowlands and foothills that are potentially
related to floristic composition.

FIGURE 2. NMS ordinations of plot data along: (A) axes one and three and (B)

axes two and three overlaid with floristic groups from cluster analysis. Floristic

groups are termed: foothills forest (triangle), and P. macroloba (circle) and Q.

paraensis (square) forest in the lowlands. Ordination axes are principally corre-

lated with tree species Tapirira guianensis Aubl. (Pearson r = −0.40, axis 1), Q.

paraensis, E. precatoria, S. exorrhriza, W. regia (Pearson r > −0.50, axis 2), P.

macroloba (Pearson r = −0.85, axis 3) and V. allenii (Pearson r = 0.51, axis 3).

SPATIAL AUTOCORRELATION AMONG VARIABLES.—Multivariate
Mantel Correlograms indicate that distance decay relationships were
similar for environmental conditions and forest composition across
the study area (Fig. 3). Floristic and environmental variables were
significantly autocorrelated up to the 10–13 km class (Fig. 3). A
decline in floristic similarity with geographical distance was steep-
est up to the 4–7 km class in parallel with elevation and climate
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FIGURE 3. Spatial autocorrelation coefficients of forest plot pairs for 22 ge-

ographic distance classes. The x-axis shows the minimum geographic distance

in each class. Mantel comparisons are from distance matrices of: (A) floristic

composition (square), and elevation, temperature seasonality, and minimum

monthly precipitation combined (circle), and (B) floristic composition (square)

and clay and sand combined (triangle). Symbols above (+) and below (−) the

dotted lines are significant correlations (P < 0.05).

factors (Fig. 3A). Soil physical properties, sand and clay, were signif-
icantly correlated with geographical distance for the 22–25 km class
(Fig. 3B). A significant positive spatial autocorrelation in floristic
composition at the 22–25 km distance class was related to plot
pairs located in similar foothills and lowland environments (e.g.,
cerros or hills) at this distance (Fig. 3). Significantly negative spatial
autocorrelation for floristic distance after 40 km showed a pat-
tern consistent with environmental Correlograms that was evident
at most geographic distance intervals (Fig. 3). Significant negative
correlations indicate that there are few or no species in common on
plots > 40 km distant which were also negatively correlated with
soil and climate conditions.

COMPARISONS OF FLORISTIC, ENVIRONMENTAL AND GEOGRAPHICAL

VARIABLES.—The above comparisons provided a basis for testing
the null hypothesis of no relationship between floristic and en-
vironmental distances once accounting for spatial autocorrelation
(geographical distance). Alternatively, geographical distance is sig-
nificant factor related to dispersal assembly processes and floristic
variation after controlling the effect of significant environmental
variables.

Simple Mantel tests comparing a matrix of tree and palm
species with soil factors resulted in significant correlations for sand,
clay and organic matter (Table 4). Partial Mantel tests showed no
loss of significance after controlling for the effect of geographi-
cal distance. Similar trends were observed for palm species ana-
lyzed separately although silt content was also a significant factor
(Table 4).

From here, only the results of Partial Mantel tests are pre-
sented unless a loss of significance was observed between simple
and partial tests. No significant relationships were found between
soil chemical properties and canopy tree and palm species com-
bined (Table 4). Results likely reflect a broad distribution of prin-
ciple canopy trees over soils with a low deviation in the chemical
properties examined. Conversely, comparisons with a matrix of the
four most abundant palm species showed significant relationships
with differences in Ca and Mg concentrations (Table 4). Soil pH
and total acidity and were also significantly related to palm distri-
butions that are significantly correlated with soil cation concentra-
tions (Table 2). Silt was weak, but significantly correlated with palm
species abundance likely due to a few lowland plots showing high silt
content.

Terrain variables, elevation and slope, were also significant fac-
tors for trees and palms combined, but slope was not a strong
variable (Table 4). These results were not surprising as elevation
covaries with significant soil physical properties (Table 2) and tem-
perature variables. Slope was a weak, but significant variable likely
due to the scale of the elevation data used. Plots (50 × 50 m)
were generally established on sites with a consistent slope position
however available elevation data at a 90-m grid-scale limits mod-
eling local hillslope variation. Palm species were not significantly
related to percent slope from separate comparisons possibly due to
the above limitation.

Climate factors showed moderate seasonal and annual variation
among plots (Table 3), but were significantly related to forest com-
position (Table 4). Coefficients of variation and minimum month
precipitation were not significantly correlated with palms after con-
trolling for geographical distance. No large turnover in palm species
composition was observed on plots in the lowlands. Significant
correlation between palm species and temperature variables were
likely linked to fewer palm species present in cooler foothills envi-
ronments. An exception was I. deltoidea, which showed relatively
high abundances in both lowlands and foothills though no arboreal
palms were present > 1000 m.

Geographical distance was significantly related to floristic dis-
tance at the P < 0.001 level from simple Mantel comparisons with
floristic data (Table 4). Geographical distance remained a signifi-
cant factor controlling for elevation, but showed a loss of significance
(P > 0.05) when the effects of elevation and soil clay or sand con-
tent were removed (Table 4). Elevation was the strongest factor
related to floristic composition followed by clay content. Separate
comparisons with palm species resulted in significant correlations
with geographical distance controlling for elevation and clay, but
showed a loss of significance controlling for Mg and elevation com-
bined (Table 4). Mg concentrations were highly and significantly
correlated with other soil cations, pH, and total acidity, to a lesser
degree (Table 2). Elevation was also correlated with soil texture and
temperature variation between the foothills and lowlands indicating
important interrelationships among variables and species distribu-
tions. Geographical distance was not a significantly related to species
abundance once controlling for stronger environmental gradients
present.
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TABLE 4. Mantel correlation tests comparing environmental and floristic variability. Simple and Partial Mantel tests accounting for geographic distances are shown in parallel.

Comparisons between floristic composition and log geographical distance is shown controlling for significant environmental factors in parentheses. Significance levels

were determined from 999 matrix randomizations (∗∗∗ P < 0.001, ∗∗ P < 0.01, ∗ P < 0.05).

Trees and palms Palms

Simple Mantel r Partial Mantel r Simple Mantel r Partial Mantel r

Ca 0.05 0.20∗∗ 0.19∗∗

K 0.02 0.07

Mg 0.04 0.19∗∗ 0.18∗∗

P 0.05 0.07

Total acidity 0.06 0.20∗∗ 0.19∗∗

pH 0.03 0.17∗∗ 0.16∗∗

Organic matter 0.34∗∗∗ 0.31∗∗∗ 0.22∗∗∗ 0.20∗∗∗

Sand 0.41∗∗∗ 0.35∗∗∗ 0.34∗∗∗ 0.28∗∗∗

Silt 0.09 0.13∗ 0.13∗

Clay 0.54∗∗∗ 0.50∗∗∗ 0.35∗∗∗ 0.31∗∗∗

Elevation 0.54∗∗∗ 0.51∗∗∗ 0.29∗∗∗ 0.20∗∗∗

Slope 0.14∗ 0.14∗ 0.10

Mean annual temperature 0.48∗∗∗ 0.46∗∗∗ 0.32∗∗∗ 0.28∗∗∗

Temperature seasonality 0.37∗∗∗ 0.36∗∗∗ 0.25∗∗∗ 0.23∗∗∗

Min. monthly temperature 0.49∗∗∗ 0.47∗∗∗ 0.34∗∗∗ 0.31∗∗∗

Annual precipitation 0.29∗∗∗ 0.26∗∗∗ 0.28∗∗∗ 0.23∗∗∗

Precipitation seasonality 0.29∗∗∗ 0.26∗∗∗ 0.11∗∗ −0.02

Min. monthly precipitation 0.19∗∗∗ 0.10∗ 0.10∗ −0.02

Geo dist 0.28∗∗∗ 0.24∗∗∗

Geo dist (Elev) 0.16∗∗∗ (Elev) 0.10∗∗∗

Geo dist (Elev + clay) −0.03 (Elev + clay) 0.10∗

Geo dist (Elev + sand) −0.02 (Elev + Mg) 0.05

DISCUSSION

Variation in forest composition along environmental gradients for
the study area has been reported from previous studies (Hartshorn
& Peralta 1988, Lieberman et al. 1996) though without sufficient
data for spatially explicit analyses of forest beta-diversity. Floristic
patterns quantified by the present study were from a wide distri-
bution of plots replicated along multiple gradients to the extent
feasible. Turnover in species composition (beta-diversity) observed
from ordination and correlogram plots showed strong spatial pat-
terns that vary with both environmental and geographical distance.
Our analyses identified significantly positive spatial autocorrelation
for floristic composition and environmental factors up to 13 km
distance. A steep decline in floristic and environmental similarity
up to 4 km and significantly negative correlations after 40 km were
quite similar to species turnover reported from Panamanian forest
plots (Pyke et al. 2001, Condit et al. 2002).

These parallels are notable considering seasonal and intermit-
tent drought (e.g., El Niño events) occurs with greater severity across
the Panama Canal Watershed in addition to complex geological and
soil substrates found in this area (Pyke et al. 2001, Engelbrecht et al.
2007, John et al. 2007). Soil texture and climate variation with ele-
vation differences and a decrease in rainfall with distance from the

Caribbean Coast in the present study area help explain similar floris-
tic patterns after accounting for the effects of geographical distance.
Turnover in tree species composition from P. macroloba dominated
forest to the Q. paraensis floristic group correspond with a transi-
tion from continuously high rainfall to areas with seasonally lower
precipitation in the lowlands. Bioclimatic data from interpolated
climate surfaces greatly smoothes actual conditions across plots and
may increase their importance relative to geographical factors with
statistical comparisons. Nevertheless a clear trend of diminishing
rainfall and increased seasonality is evident from the data obtained
from Costa Rican and Nicaraguan climate stations.

Variation in soil chemical and physical properties measured
from forest plots were comparable to values reported from other
published studies for this region. The range of extractable cation
and P concentrations was not substantially different from forest
soil units analyzed at the La Selva Biological Station (Sollins et al.
1994). An exception was K concentrations that were low on average
for our plots (0.08 cmol (+) / kg ± 0.04) compared to upland
soil substrates analyzed from similar depths at La Selva (0.80 cmol
(+) / kg ± 0.69) (Sollins et al. 1994). Grieve et al. (1990) found
a corresponding increase in sand and organic matter with a gain
in elevation and a decreasing trend for clay content from six forest
sites sampled near our plots. The lack of a significant correlation
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between elevation and soil pH, P, and extractable cations in our data
was also in agreement with Grieve et al. (1990).

Factors influencing soil moisture and drainage are particularly
important to forest composition in areas of high rainfall (Sollins
1998). Floristic variation for trees and palms, both together and with
a separate matrix for palm species was significantly correlated with
sand, clay and soil organic content. Foothills and lowland floristic
groups observed along ordination axes and correlation comparisons
confirm high species turnover with large differences in soil texture
also reported from Amazonian rain forest studies (Ter Steege et al.
1993, Duivenvoorden 1995, Duque et al. 2002, Phillips et al. 2003).
Lowland floristic groups on primarily clay soils showed less distinc-
tive textural differences though an increase in sand and decrease
clay content was observed for the Q. paraensis group (Fig. S1). A
categorical comparison between plots from the two lowland floris-
tic groups and a distance matrix from all soil variables resulted in a
significant difference (P < 0.05) from statistical tests using Multi-
response Permutation Procedures (Mielke 1984, McCune & Grace
2002).

Floristic variation with respect to soil chemical properties was
compared primarily for low fertility Inceptisols and Ultisols, char-
acteristic of remaining forest. From a land use perspective, the small
number of plots on more nutrient rich alluvial soils reflects markedly
reduced forest cover on these sites. Old-growth forest on more re-
cently alluviated soils was rare in the study landscape having been
cleared during colonization for agriculture or trees favored for lum-
ber (e.g., Terminalia oblonga (Ruiz & Pav.) Steud. and Carapa guia-
nensis Aubl.) (Nuhn & Peréz 1967). Lack of a statistically significant
trend between soil chemical factors and floristic variation (e.g., trees
and palms combined) was not surprising under conditions of low
variation in soil chemical composition. Phillips et al. (2003) found
that large difference in soil nutrient status was significantly related
to trees species composition from forest plots in south-eastern Peru.
Cation concentrations across a 10,000 km2 landscape averaged 7.9
cmol (+) / kg versus 0.65 cmol (+) / kg for Ca, Mg, and K summa-
rized by Holocene and Pleistocene aged soils respectively (Phillips
et al. 2003). Average cation concentrations in the present study
area (1.27 cmol (+)/kg) were indicative of more highly leached
Pleistocene aged soils also deficient in phosphorous (see also Marrs
et al. 1988, Grieve et al. 1990). Turnover in canopy tree species
composition is unlikely to be strongly linked to small variations in
soil chemical properties on tierra firme sites, as noted from studies
of upland forest in the Columbian Amazon (Duivenvoorden 1995,
Duque et al. 2002). However, more recent findings from John et al.
(2007) indicate that soil nutrients strongly influence local-scale (< 1
km2) distribution and niche differentiation for as many as one-third
of tropical tree species in Panamanian, Columbian, and Ecuadorian
rain forest plots.

Mid- to upper-canopy palms, on the other hand, showed a sig-
nificant relationship with soil cations Mg and Ca and pH and total
acidity. Our data suggest that soil physical properties and specific
cations are important to palm species distribution. These results are
in agreement with Clark et al. (1995) who found that palm species
(e.g., E. precatoria, I. deltoidea, and S. exorrhiza) were spatially struc-
tured according to meso-scale differences on soil types with varying

chemical and textural composition. Poulsen et al. (2006) also found
Mg and Ca concentrations were significantly correlated with palm
distributions for a 1-ha plot studied in Amazonian Ecuador. Signif-
icant correlations for sand, clay and elevation and a lack of signifi-
cance for K, P, pH, and slope from Poulsen et al. (2006) correspond
surprisingly well with our results considering the wide difference in
scales.

Geographical distance was not strongly related to tree and
palm species abundance once controlling for statistically significant
environmental variables. Soil and climate gradients quantified for
the present study area can potentially mask the contribution of
dispersal-assembly processes to species abundance patterns. Partial
Mantel correlations were used to determine relationships between
species and geographic distance by controlling the effect of spatially
correlated environmental factors.

In contrast to these results, Ruokolainen & Vormisto (2000)
report more generalized palm distribution patterns at the landscape-
scale for three of the four palm species (W. regia excluded) on Ama-
zonian plots with comparisons using summed cation concentrations
(i.e., Ca, Mg, K, and Na). However, species presence–absence data
were used and no comparisons were made with soil textural condi-
tions. In the present study area, S. exorrhiza and W. regia abundance
decline substantially on increasingly sandy-loam soils > 300 m ele-
vation while I. deltiodea and E. precatoria were abundant over much
of the study area to 900 m. Vormisto et al. (2004b) also found a
stronger relationship between geographic distance and palm species
abundance than with soil and terrain characteristics for Peruvian
and Ecuadorian rain forest plots. Forest plots from Vormisto et al.
(2004b) occur at a somewhat larger spatial extent and show rela-
tively low deviation in soil and climatic conditions in comparison
with this study. Biogeographical factors and barriers to dispersal ap-
pear to exceed environmental controls over palm species abundance
in these settings (see also Normand et al. 2006).

The length and steepness of gradients measured in addition
to spatial extent likely influence results from ours and other stud-
ies occurring in differing geographic regions. Duque et al. (2002)
noted that low environmental variation and weak beta-diversity or
fewer species with restricted habitats in southwest Amazonia has led
to different conclusions about principal factors controlling tropical
plant composition. A stronger effect from soil factors on floris-
tic composition opposed to geographic distance was observed in
Columbian rain forest only when plots subject to flooding or more
severe edaphic environments were included in analyses (Duque et al.
2002).

Once accounting for geographical distance with our analysis,
complex physiographic conditions and changes in soil substrates
across Caribbean lowland and foothills environments were signifi-
cantly correlated with forest beta-diversity. From these comparisons,
we find greater support for a niche-assembly hypothesis as the prin-
cipal driver of forest beta-diversity in this landscape. Geographical
distance and dispersal mechanisms undoubtedly play a role in trop-
ical tree species distributions (Tuomisto et al. 2003a), but were less
important after controlling for significant environmental variables
in the study landscape. Pyke et al. (2001) also conclude that dis-
persal limitation is likely secondary to environmental drivers at the
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landscape-scale. In contrast, recent analyses for Panamanian plots by
Chust et al. (2006) showed stronger support for a dispersal hypothe-
sis from correlation comparisons and model fitting. An explanation
for differing conclusions is that geographical distance is possibly a
better predictor of floristic patterns in the absence of data for impor-
tant environmental factors such as underlying soil conditions and
moisture gradients. A strong relationship between soil nutrient sta-
tus and moisture availability have more recently been linked to tree
species distributions at the local- and regional-scale in both Central
and South America forest plots (Engelbrecht et al. 2007, John et al.
2007). Life-forms (e.g., canopy trees vs. palms) may also differ in
their response to the physical environment though detailed studies
of individual species relationships with soil factors are needed to
confirm differences noted here (see also Engelbrecht et al. 2007).
Quantitative comparisons between soil and rain forest composi-
tion in neighboring Nicaragua or Costa Rica’s Osa Peninsula where
similar Amazonian centered tree and palm species coexist would
also provide additional insight into principle factors driving forest
beta-diversity.

Results from this study suggest that more detailed knowledge
of soil and climate factors related to turnover in tree species compo-
sition will likely aid spatial models characterizing rain forest beta-
diversity (see also Chust et al. 2006, Sesnie et al. 2008). Floristic
variation within the biological corridor investigated with this study
suggests that floristic patterns can vary over relatively short dis-
tances. This information is needed for natural resource planning
and establishing conservation corridors in areas that contain floris-
tic variation not currently represented within nationally protected
areas.
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Costa Rica.

DUIVENVOORDEN, J. F. 1995. Tree species composition and rain forest-
environment relationships in the middle Caquetá area, Columbia NW
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