
- Environmental and neighbourhood effects on tree fern distributions - 13
Journal of Vegetation Science 18: 13-24, 2007
© IAVS; Opulus Press Uppsala.

Abstract
Questions: To what extent are the distributions of tropical 
rain forest tree ferns (Cyatheaceae) related to environmental 
variation, and is habitat specialization likely to play a role in 
their local coexistence?
Location: Lowland rain forest at La Selva Biological Station, 
Costa Rica.
Methods: Generalized linear (GLM) and generalized additive 
(GAM) logistic regression were used to model the incidence of 
four tree fern species in relation to environmental and neigh-
bourhood variables in 1154 inventory plots regularly distributed 
across 6 km2 of old-growth forest. Small and large size classes 
of the two most abundant species were modelled separately to 
see whether habitat associations change with ontogeny.
Results: GLM and GAM model results were similar. All spe-
cies had significant distributional biases with respect to micro-
habitat. Environmental variables describing soil variation were 
included in the models most often, followed by topographic and 
forest structural variables. The distributions of small individu-
als were more strongly related to environmental variation than 
those of larger individuals. Significant neighbourhood effects 
(spatial autocorrelation in intraspecific distributions and non-
random overlaps in the distributions of certain species pairs) 
were also identified. Overlaps between congeners did not differ 
from random, but there was a highly significant overlap in the 
distributions of the two most common species.
Conclusions: Our results support the view that habitat spe-
cialization is an important determinant of where on the rain 
forest landscape tree ferns grow, especially for juvenile plants. 
However, other factors, such as dispersal limitation, may also 
contribute to their local coexistence.

Keywords: Coexistence; Costa Rica; Cyatheaceae; Habitat; 
La Selva; Logistic regression; Microhabitat; Niche; Species 
distribution.
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Introduction

 The extent to which tropical rain forest plants have 
specialized towards different ecological niches remains 
contentious. Some researchers have proposed that their 
local coexistence is enabled by narrow niche specialisa-
tion to the physical environment, such as soils, or the 
biotic environment, such as pollinators (e.g. Ashton 1969; 
Grubb 1977; Svenning 1999; Clark et al. 1999). Others 
have argued that tropical plants may be divisible into 
just a few guilds, within which species are generalists 
(e.g. Hubbell & Foster 1986; Harms et al. 2001; Hubbell 
2001; Valencia et al. 2004).
 If plant species coexistence is enabled by speciali-
zation to different microhabitats, then species distribu-
tion patterns should not only be significantly related to 
environmental gradients, but also differ among species 
(MacArthur & Levins 1967; Abrams 1983; Pacala & 
Tilman 1994; Svenning 1999; Harms et al. 2001).
 Rain forest plant species have been documented to 
be associated with particular edaphic, topographic or 
successional conditions in many studies (e.g. Clark et al. 
1995, 1998; Lieberman et al. 1995; Davies et al. 1998; 
Svenning 1999, 2000, 2001; Webb & Peart 2000; Harms 
et al. 2001; Debski et al. 2002; Tuomisto et al. 2002; 
Cannon & Leighton 2004; Hall et al. 2004; Valencia et 
al. 2004; Paoli et al. 2006; Tuomisto 2006). However, 
significant microhabitat associations have been identi-
fied in an extremely variable proportion of species. Even 
where habitat associations have been identified for many 
species, some authors (e.g. Harms et al. 2001; Valencia et 
al. 2004) have concluded that habitat specialization was 
unlikely to be the main coexistence mechanism in their 
study sites, because considerable overlap in patterns of 
habitat association across species was observed.
 The degree of habitat association detected may vary 
between plant groups and sites, and as a function of the 
length of the environmental gradient sampled (Duque et 
al. 2002; Tuomisto et al. 2002; Jones et al. 2006). Envi-
ronmental data quality is also important. Many studies 
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used only a limited set of qualitative variables, such as 
soil type or topographic position, whereas access to a 
comprehensive set of quantitative variables, including 
soil chemical properties, might have allowed the iden-
tification of finer microhabitat partitioning (Clark et al. 
1999; Hall et al. 2004). 
 Clumped distributions, at least over short distances, 
are common in rain forest plants (He et al. 1997; Con-
dit et al. 2000; Plotkin et al. 2000). At least two causes 
may be invoked: patchy distributions of microhabitats, 
and dispersal limitation (including both vegetative re-
production and the tendency of most seeds or spores to 
fall close to the mother plant). Spatial autocorrelation in 
environmental variables and plant distributions needs to 
be accounted for in analyses to avoid inflating the ap-
parent importance of habitat specialization (Smith 1994; 
Legendre & Legendre 1998; Harms et al. 2001).
 In the current study, we analyse the mesoscale 
distributions of a group of plant species that are phylo-

genetically closely related and similar in life form, the 
tree ferns (Cyatheaceae). Four common species belong-
ing to two genera were found in our 6-km2 old-growth 
rain forest study site at the La Selva Biological Station, 
Costa Rica.
 Our approach was to (1) calculate whether the distri-
butional overlaps of the four species differed from ran-
dom expectation and (2) model their distribution patterns 
using a range of environmental data, to see whether there 
is evidence for microhabitat specialization, and if so, 
whether the specialization patterns differ among species. 
Interspecific and intraspecific neighbourhood variables 
were also added to the habitat models to identify species 
associations and to model spatial autocorrelation. For 
the two most abundant species, we investigate whether 
their distributions among microhabitats change over the 
course of the species  ̓lifetimes by comparing separate 
models for small and large individuals.

Fig. 1. Locations of the sample plots 
overlaid on (a) elevation and (b) soil 
maps of the study area, and distributions 
of the four study species (c-f) overlaid on 
a stream map.



- Environmental and neighbourhood effects on tree fern distributions - 15

Material and Methods

Study site

 Fieldwork was carried out in the Caribbean lowlands 
of northeastern Costa Rica in ca. 6 km2 of old growth 
rain forest at the La Selva Biological Station of the 
Organization for Tropical Studies (OTS). The site has 
a mean monthly temperature of 26 °C and mean annual 
precipitation of just over 4000 mm (OTS unpubl. data). 
On an average year, rainfall peaks in July and December 
and is lowest from January to April. Elevation varies 
from ca. 30 - 130 m a.s.l. (Fig. 1a). The area includes 
five main soil types (Fig 1b): alluvial terraces formed 
by both recent and historic flooding, swamps, residual 
soils formed by in-situ weathering of ancient lava flows, 
and stream valleys with infertile colluvial soils (Clark 
et al. 1999). The site is covered by a grid of permanent 
markers at a 50 m × 100 m spacing.

Field data

Tree ferns
 The study area was sampled systematically for tree 
ferns between July 2001 and July 2002. A total of 1154 
circular plots, each 100 m2 in area and centred on a grid 
intersection (Fig. 1), was surveyed for all tree ferns with 
frond length > 10 cm. Voucher specimens can be found in 
the herbaria CR (Herbario Nacional de Costa Rica), USJ 
(Universidad de Costa Rica), TUR (University of Turku, 
Finland) and LSCR (the on-site herbarium of La Selva). 
Representative collection numbers with duplicates in all 
four herbaria (of the collection series of Mirkka Jones) 
are: Alsophila cuspidata (MJ 486), Alsophila firma (MJ 
449), Cyathea multiflora (MJ 520), and Cyathea ursina 
(MJ 195).
 The number of individuals of each species in each 
plot was recorded in eight size classes based on maxi-
mum frond length (in centimetres 10-20, 20-50, 50-100, 
100- 150, 150-200, 200-300, 300-400 and 400+). Each 
separate stem arising from the ground was counted as one 
individual, although some A. firma stems were probably 
ramets of a single clone. Frond length was chosen to 
delimit size classes, because it was considered to be a 
more reliable correlate of tree fern age than trunk height. 
After falling over, A. cuspidata, at least, can resume 
vertical growth, in which case it produces large fronds 
on a disproportionately short trunk (M. Jones pers. ob-
serv.).

Soils
 Each plot was allocated to one of the five qualitative 
soil classes (Fig. 1a). Additionally, quantitative soil data 
were available on pH, total C and P, and exchangeable 

K, Ca, Mg and Mn from soil samples collected between 
March 1998 and May 1999 (D.B. Clark unpubl. data).
 To reduce the dimensionality of the quantitative soil 
data, a principal components analysis (PCA) was run. The 
variables were all first standardized to give them equal 
weight. The first three PCA axes, which represented 86 
% of the variation in the data, were used for modelling. 
Soil pH, Mg and Ca had negative loadings on Axis 1, 
which seemed to represent a drainage gradient: poorly 
drained or inundation-prone sites (swamp, recent alluvial 
and some stream valley soils) received low values on 
this axis. Axis 2 seemed more generally related to soil 
fertility, with all cations, P and pH having negative load-
ings. Axis 3 represented a soil carbon content gradient 
(positive loading of C), and its values were often high at 
low topographic positions and sometimes on flat ground 
in higher-lying areas, but were generally low in recent 
alluvial terraces. 

Topographic data
 Three topographic variables (topographic position, 
elevation and slope) were defined for the plots, based 
on data collected by Clark et al. (1999). Topographic 
position was defined as one of five classes: riparian, base 
of slope/flat low ground, mid-slope, upper slope, or flat 
high ground. Riparian plots were those overlapping with 
a stream. Elevation data came from two sources. For 
1128 plots, elevation was measured directly in the field 
by optical survey. For the remaining 26 plots, elevation 
was based on Lidar measurements (Light detection and 
ranging data, cf. Hofton et al. 2002). Slope was measured 
in the steepest direction with a clinometer.

Canopy openness and forest structure
 The size of the largest canopy gap visible from the plot 
centre was recorded on a scale of 0-25 using the canopy-
scope method (Brown et al. 2000). These values were 
then reduced into 5 ordered classes: 0 = closed canopy, 
1 = very small gap, 2-4 = small gap, 5-9 = medium gap, 
and ≥ 10 = large gap.
 Forest structural data, collected from 1993 to 1995, 
included the number of large trees (DBH ≥ 10 cm) 
and their basal area (m2.ha–1) in each plot (Clark et al. 
1999).

Distributional modelling

 A simple randomization test was first run to check 
whether the observed level of co-occurrence between 
tree fern species deviated from random expectation. The 
observed occurrences of each species were randomly re-
allocated over the 1154 plots, and the resulting number 
of co-occurrences of each species pair was counted. This 
was repeated 1000 × (using the program Resampling Stats 
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4.1) to create 95% confidence intervals for the degree of 
overlap between each species pair.
 Generalized linear and generalized additive logistic 
regression models (GLM and GAM, respectively) were 
then produced to predict the incidence (presence/absence) 
of each of the four tree fern species using a combination 
of the environmental variables and biotic neighbourhood 
variables listed in Table 1. The biotic variables were 
derived from the tree fern dataset. All variables were 
standardized before testing. The maximum Pearson cor-
relation between any pair of variables was 0.61 (between 
the residual soil type and elevation), so no variables were 
excluded on account of excessive co-linearity.
 The GLMs (e.g. Nicholls 1989) were run as simple 
linear combinations of the explanatory variables. GAMs 
also constitute linear combinations of explanatory vari-
ables, but the relationship of continuous-scale variables to 
species incidence is represented by a data-driven smooth 
function (here, a thin plate regression spline, Wood & 
Augustin 2002; Wood 2003). GAM modelling is more 
flexible and may also be more realistic (Yee & Mitchell 
1991).
 Models were first built for tree ferns of all size classes 
together. For the two most abundant species, C. multiflora 
and A. cuspidata, additional models were built for small 
and large plants separately to see whether predictive per-
formance and the variables selected depend on plant size. 
Small plants were those with fronds < 20 cm in length 
for C. multiflora and < 50 cm for A. cuspidata, and large 
plants were those with fronds > 100 cm in length for both 

species. The size class limits were defined such that the 
small and large size classes had a similar frequency of 
occurrence across sample sites.
 In model building, first the environmental variables 
were included alone. Backward elimination was applied 
to select the most parsimonious set of environmental ex-
planatory variables using Akaike s̓ Information Criterion 
(AIC, Akaike 1977).
 To study neighbourhood effects, several biotic vari-
ables were then added to the final environmental models. 
These were the incidence of each of the three other 
tree fern species in a study plot, and the incidence of 
conspecifics in a neighbouring plot (50 m away). When 
all plants or small plants alone were modelled, these 
variables were based on individuals of all sizes. When 
large plants alone were modelled, only individuals of a 
similar or larger size were included. When small plants 
alone were modelled, a fifth neighbourhood variable, 
indicating the incidence in the same plot of large con-
specific individuals (> 100 cm frond length), was also 
added. The interspecific neighbourhood variables were 
entered to model either positive or negative associa-
tions in the distributions of the modelled species. The 
intraspecific neighbourhood variables were entered to 
represent spatial autocorrelation in species distributions, 
due to intrinsic factors such as limited dispersal, or spatial 
dependence on any unmeasured, spatially autocorrelated 
habitat variables (Smith 1994; Wu & Huffer 1997). All 
the neighbourhood variables were added together, then 
backward elimination based on AIC was employed to 

Table 1. Summary of the environmental and neighbourhood variables entered as potential explanatory variables of tree fern incidence 
in the GLM and GAM logistic regression models. Species in the neighbourhood variable abbreviations refers to the modelled tree fern 
species, i.e. either Cyathea multiflora (Cmult), Alsophila cuspidata (Acusp), Alsophila firma (Afirm) or Cyathea ursina (Cursi).

Variable type Abbreviation Scale Description

Soil chemistry Soil Axis 1 Continuous Soil PCA Axis 1 (First axis of a PCA on seven soil chemical variables. See Methods for details) 
 Soil Axis 2 Continuous Soil PCA Axis 2
 Soil Axis 3 Continuous Soil PCA Axis 3
Soil type SV Binary Stream valley soils
 SW Binary Swamp soils
 RE Binary Residual soils
 RA Binary Recent alluvial soils
 OA Binary Old alluvial soils
Forest structure Canopy openness Categorical Ordered five-class index of the size of the largest canopy gap visible (See Methods for details)
 Tree ba Continuous Basal area of trees ≥ 10 cm DBH in m2.ha–1 (mean 0.3, range 0 – 2.7)
 N Trees Continuous Number of trees ≥ 10 cm DBH (mean 4.5, range 0 – 12)
Topography Topographic position Categorical Ordered five-class index of relative topographic position (See Methods for details)
 Elevation Continuous Elevation in m above sea level (mean 67.4, range 33.9 – 130.0)
 Slope Continuous Slope in degrees (mean 12.1, range 0.0 - 44.0)
Neighbourhood Species > 100 Binary Incidence of large individuals (frond length > 100 cm) of the modelled species in a sample plot. 
      (Included in models of small individuals only)
 Species 50 m Binary Incidence of individuals of the modelled species in a neighbouring plot (50 m away)
 Cmult Binary Incidence of C. multiflora in a sample plot. (Included in models of the other three species only)
 Acusp Binary Incidence of A. cuspidata in a sample plot. (Included in models of the other three species only)
 Afirm Binary Incidence of A. firma in a sample plot. (Included in models of the other three species only)
 Cursi Binary Incidence of C. ursina in a sample plot. (Included in models of the other three species only)
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remove any variables that did not significantly improve 
overall model performance.
 Zero occurrences of a modelled species in any cate-
gory of a categorical explanatory variable yield incor-
rect numerical outcomes in logistic regression (Hosmer 
& Lemeshow 2000). To avoid this problem, categories 
can be combined in some reasonable way to eliminate 
the zero cell. Thus, because C. ursina did not occur in 
all soil types or topographic categories, the recent and 
old alluvial soil types, and the hilltop and upper slope 
categories of topographic position, were combined for 
models of this species. For models of the large size class 
of C. multiflora the neighbourhood variable C. ursina 
was omitted because large individuals of C. multiflora 
never co-occurred with individuals of C. ursina. Finally, 
for models of the large size class of A. cuspidata, the 
medium and large gap classes of canopy openness were 
combined.
 The models were run using R-language (Anon. 2006) 
functions glm and step.gam in the package stats (v. 2.3.1) 
and gam in mgcv (v. 1.3-17).

Model evaluation

 Model predictive performance was evaluated by 
calculating the area under the curve (AUC) of receiver-
operating characteristic (ROC) plots. AUC is much 
less affected by species prevalence than other common 
measures of model performance, such as the correct 
classification rate, sensitivity, specificity or Cohenʼs κ, 
at least at intermediate prevalences (Manel et al. 2001; 
McPherson et al. 2004).
 Evaluation was initially based on testing the ability 
of each model to correctly discriminate between species 
presences and absences in the full 1154 plot dataset. 
However, calibrating and testing models on the same 
data is known to result in over-optimistic estimates of 
prediction success (Fielding & Bell 1997). Therefore, 
the GLM models were also evaluated using the 0.632+ 
bootstrap approach (see Wintle et al. 2005 and link therein 
for R code). The original dataset was re-sampled 500 × to 
produce a training set and a test set. Each time, a GLM 
model was fitted using the training set, and two values 
of AUC were calculated, one using the training set and 
the other using the test set. The difference in these two 
AUC values was averaged over the 500 bootstrap runs 
to produce an estimate of optimism. This estimate was 
subtracted from the original AUC values to give a final, 
bootstrapped AUC value.
 Finally, the standardised (Pearson) residuals of the 
all size classes models were examined for spatial auto-
correlation relative to that observed in the raw species 
presence-absence data (Bio et al. 2002). This was done by 
producing correlograms of Moranʼs I (in the R Package 

v. 4.0, Casgrain & Legendre 2001), which summarize 
spatial autocorrelation in the data at increasing distances 
(here at ca. 50 m intervals). The occurrence of significant 
spatial autocorrelation in the model residuals over short 
distances would suggest that the model fails to account 
for spatial autocorrelation due to limited dispersal or for 
spatial dependence on some autocorrelated environmen-
tal factor (Austin 2002; Bio et al. 2002; Schwarz et al. 
2003).

Results

General observations

 Tree ferns were a frequent component of the under-
storey plant community, being present in 53% of sample 
plots. 
 Cyathea multiflora was the most common species, 
both in absolute abundance (1410 individuals) and fre-
quency (present in 42% of plots). Its mean abundance in 
occupied plots was 2.9 individuals. The largest individual 
had fronds just over 3 m in length. Small individuals 
(with fronds 10-20 cm in length) were present in 18% 
of plots, and large individuals (with fronds > 100 cm) 
were present in 16% of plots.
 Alsophila cuspidata was the second most common 
species (681 individuals, 23% of plots) and its mean 
abundance in occupied plots was 2.6 individuals. This 
was the largest species, with fronds up to 4.4 m long. 
Small individuals (with fronds 10-50 cm in length) were 
present in 13% of plots, and large individuals (with fronds 
> 100 cm) were present in 12% of plots.
 Cyathea ursina was much less abundant overall 
(148 individuals, 3% of plots), but it reached very high 
local densities at some sites and its mean abundance in 
occupied plots was 4.4 individuals. This species differs 
in life form from the others, being almost trunkless 
(maximum observed trunk height 33 cm, usually < 10 
cm). Its fronds are also smaller than those of the other 
species (max. length 2.5 m).
 Alsophila firma was almost as abundant as C. ursina 
(128 individuals in 3% of plots), with an average of 3.8 
individuals in occupied plots. The maximum frond length 
found in any individual of this species was 3.7 m.

Tests of random distributional overlap 

 The degree of distributional overlap between the two 
most common species, Cyathea multiflora and Alsophila 
cuspidata, was quite high. They co-occurred in 156 plots, 
which represent 33% of the incidences of C. multiflora 
and 60% of the incidences of A. cuspidata. Randomiza-
tion tests showed that this degree of overlap was higher 
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than expected at random. When the distributions of the 
small individuals and the large individuals were con-
sidered separately, they too were found to overlap more 
often than expected. The observed overlaps between the 
other species pairs (all size classes together) fell within 
the boundaries of random expectation.

Habitat distributions of the species

 All four tree fern species had distributional biases with 
respect to microhabitat. Tables 2 and 3 list the explanatory 
variables selected by GLM modelling. The results of the 
GAM models were so similar that for simplicity we focus 
on the GLM results alone. When all size classes were 
analysed together, between five and eight environmental 
variables were selected as predictors of the distribution 
of each species (Table 2). Soil variables were selected 
most often, followed by topographic and forest structural 
variables. The following distributional descriptions focus 
on the individually significant predictor variables (p < 
0.05).
 Alsophila cuspidata, Cyathea multiflora, and C. 
ursina were all associated with low topographic positions 
such as riparian sites and stream valley soils. However, 
they had a low predicted incidence, or did not occur at 
all (A. cuspidata), in sites with low values on Soil Axis 
1, and also on Soil Axis 2 for C. ursina. Thus, they were 

biased away from the most poorly drained sites with high 
soil Ca, Mg and pH. In contrast, A. firma was biased to-
wards low-lying, swampy or occasionally flooding sites 
near larger streams with relatively nutrient-rich soils of 
high pH. Cyathea multiflora and especially A. cuspidata 
were associated with sloping sites, whereas A. firma and 
C. ursina were not.
 The environmental models indicated that Cyathea 
ursina was positively associated with certain relatively 
less fertile stream valley and swamp soils, but when 
neighbourhood variables were added to the model these 
variables were removed. Unlike the other three species, 
C. ursina almost always colonized fallen tree trunks or 
branches and often lacked a root connection to the ground 
(M. Jones pers. obs.).
 Forest structural variables were selected as significant 
predictors of the incidence of both Alsophila species. 
Alsophila firma was associated with sites with a high 
tree basal area, but visual inspection of the data sug-
gested this to be mainly due to the distribution of small 
individuals. Alsophila cuspidata was associated with 
sites with a low tree basal area. These variables were not 
significant predictors of the incidence of either Cyathea 
species. Canopy openness was not incorporated into any 
of the models.
 Separate models of the small and large size classes 
of C. multiflora and A. cuspidata indicated that small 

Table 2. Variables selected for the Environmental (E) and Environmental + Neighbourhood effects (E+N) models to explain the 
incidence of the four modelled tree fern species by GLM logistic regression modelling. Canopy openness and Topographic position 
were entered as ordered categorical variables (polynomial contrasts among the categories (Venables & Ripley 2002) were used to 
look for a significant linear, quadratic, cubic or 4th order trend in the relationship of species occurrence to these two variables). See 
Table 1 for explanations of variable abbreviations. The partial regression coefficients of the standardized variables are given, and 
their statistical significance is indicated as follows: ∞ p < 0.1; * p <  0.05; ** p < 0.01; ***p < 0.001. AUC values indicate overall 
model predictive performance, with bootstrapped AUC values in brackets. An AUC value of 0.5 represents random expectation.
 Alsophila cuspidata Alsophila firma Cyathea multiflora Cyathea ursina
 (prevalence = 23%) (3%)  (42%)  (3%)

 E E+N E E+N E E+N E E+N

Soil Axis 1 -0.37*** -0.36**   +0.30** +0.37** +0.81*** +0.42∞

Soil Axis 2 -0.35*** -0.38*** -0.56*** -0.53**   +1.18*** +1.09***
SoilAxis 3 +0.15∞  +0.22**   -0.13∞ -0.15*  
SV +0.32***  +0.29***      +0.45* 
SW   +0.47*** +0.42**   +0.47* 
RE +0.18 +0.20      
RA -0.20∞      -0.42* -0.42*  
Tree ba -0.20*  -0.22*  +0.47** +0.46**    
N Trees   -0.73** -0.72**    
Topographic position     -linear*** -linear*** -linear*** -linear***
Elevation   -1.12* -1.05* +0.11   
Slope +0.71*** +0.68***   +0.23**   
Species 50 m    +0.18∞  +0.27***  +0.67***
Cmult  +0.42***      
Acusp      +0.34***  +0.52**
Afirm      +0.00  
Cursi  +0.19*      

AUC  0.73 0.76 0.89 0.89 0.67 0.70 0.88 0.90
(Bootstrap estimate) (0.70) (0.73) (0.77) (0.85) (0.63) (0.68) (0.82) (0.86)
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individuals of C. multiflora, and both size classes of A. 
cuspidata, were biased towards sloping sites. However, 
small individuals of C. multiflora were biased towards 
higher values on Soil Axis 1, indicating better drainage, 
whereas A. cuspidata was biased towards lower values. 
Small individuals of A. cuspidata were generally biased 
towards lower topographic positions, but away from the 
swamp and recent alluvial soils. Some bias away from 
recent alluvial soils was also evident in large A. cuspidata. 
Large individuals of C. multiflora were biased towards 
residual and stream valley soils, whereas small individu-
als were biased away from old alluvial and residual soils. 
Forest structural variables were included in the models 
slightly more often than in the all size-class analyses, but 
they were never statistically significant individually.
 The inclusion of interspecific neighbourhood effects 
in the models (Tables 2 and 3) showed that A. cuspidata 
had a significantly overlapping distribution with both 
Cyathea species: the presence of A. cuspidata was a 
significant predictor of the presence of both C. multiflora 
and C. ursina, and vice versa. Significant negative as-
sociations were not detected for any species pair.
 When all size classes were considered, the main 
differences between the two most common species 

were their opposite distributional biases with respect 
to Soil axis 1, with C. multiflora being biased towards 
better drained sites, and to a lesser extent with respect 
to Soil axis 3. Within suitable soils, C. multiflora was 
significantly associated with lower topographic positions, 
whereas A. cuspidata was not, and A. cuspidata was 
more strongly associated with steeply sloping sites than 
C. multiflora. Alsophila cuspidata was positively associ-
ated with stream valley soils, and negatively associated 
with Soil axis 2, whereas C. multiflora was apparently 
indifferent to these variables.
 The inclusion of intraspecific neighbourhood effects 
(Tables 2 and 3) showed there to be significant local 
spatial autocorrelation in species distributions, which 
was unaccounted for by the modelled environmental 
variables. The incidence of large conspecifics within a 
plot was a significant predictor of the incidence of small 
individuals in both C. multiflora and A. cuspidata. In 
addition, the incidence of conspecifics in neighbouring 
plots (50 m away) was included in predictive models 
of all four species, but was only significant in the two 
Cyathea species (except in small C. multiflora).

Table 3. Variables selected for the Environmental (E) and Environmental + Neighbourhood effects (E+N) models to explain the 
incidence of small vs. large individuals of A. cuspidata and C. multiflora by GLM logistic regression modelling. Canopy openness 
and Topographic position were entered as ordered categorical variables (polynomial contrasts among the categories (Venables & 
Ripley 2002) were used to look for a significant linear, quadratic, cubic or 4th order trend in the relationship of species occurrence 
to these two variables). See Table 1 for explanations of variable abbreviations. The regression coefficients of the standardized vari-
ables are given, and their statistical significance is indicated as follows: ∞ p  < 0.1; * p <  0.05; ** p < 0.01; ***p < 0.001. AUC 
values indicate overall model predictive performance, with bootstrapped AUC values in brackets. An AUC value of 0.5 represents 
random expectation.

 Alsophila cuspidata  Alsophila cuspidata  Cyathea multiflora  Cyathea multiflora 
 (small)(prevalence = 13%) (large)(12%)  (small)(18%)  (large)(16%)

 E E+N E E+N E E+N E E+N

Soil Axis 1 -0.33* -0.51*** -0.21∞ -0.20∞ +0.26* +0.24*  
Soil Axis 2 -0.53*** -0.56*** -0.28** -0.31**    
Soil Axis 3        
SV       +0.26** +0.23*
SW -0.29* -0.30*      
RE     -0.38** -0.31* +0.31** +0.33**
RA -0.34* -0.29* -0.34* -0.30∞ -0.28∞ -0.22  
OA   -0.16  -0.34** -0.26*  
Tree ba -0.19 -0.18     -0.17∞ -0.16
N Trees   -0.18∞ -0.17∞    

Canopy openness     +4th order +cubic  
Topographic position -linear**       
Elevation        
Slope +0.62*** +0.62*** +0.48*** +0.50*** +0.47*** +0.41*** +0.14 
Species > 100  +0.37***    +0.31***  
Species 50 m    +0.16∞  +0.15∞  +0.24**
Cmult  +0.36***  +0.19*    
Acusp      +0.13  +0.16*
Afirm        
Cursi  +0.24**  +0.20**  +0.11  

AUC 0.77 0.81 0.68 0.70 0.67 0.70 0.60 0.64
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Model evaluation

 Model performance, as measured with the original 
AUC values, was either equal for the corresponding 
GLM and GAM models, or marginally better (on average 
3% higher) for the GAM models. For the environmen-
tal models of A. firma and C. ursina the AUC values 
obtained with both modelling methods were identical. 
The greatest difference, an increase in AUC from 0.68 
to 0.73, was observed in the environmental model for 
large individuals of A. cuspidata. However, this increase 
may also be explained by the fact that two more vari-
ables were included in the GAM than the GLM model. 
In general, however, the subset of variables selected for 
the GLM and GAM models was very similar. Running 
GAM models presumably did not markedly improve 
predictive performance because most of the smoothers 
were close to linear. In the environmental GAM models, 
the most flexible smoother was that for the responses of 
C. multiflora and A. cuspidata to Soil axis 1, whereby 

peaks in their probabilities of occurrence at intermediate 
values on this axis were indicated.
Prediction success of the environmental GLM models 
(Table 2), based on the final, bootstrap-estimated AUC 
values, was moderate to good for the two rarest species, 
A. firma (AUC = 0.77) and C. ursina (AUC = 0.82) and 
moderate for A. cuspidata (AUC = 0.70). The models for 
C. multiflora performed less well (AUC = 0.63). With 
the addition of neighbourhood effects, model predictive 
power increased for all species. The best performing final 
model was that for C. ursina (AUC = 0.86).
 Prediction success was better for small individuals 
and worse for large individuals of A. cuspidata than when 
all size classes were modelled together (Table 3). In the 
case of C. multiflora the results for small individuals and 
all size classes were similar, and again better than those 
for large individuals. The bootstrapped AUC value (0.52) 
indicated that the prediction success of the environmental 
model for large individuals of C. multiflora was scarcely 
better than random.

Fig. 2. Correlograms of Moranʼs I illustrat-
ing the patterns of spatial autocorrelation 
observed at ca. 50 m distance intervals in: 
(a-d) the species incidence data (all size 
classes) and (e-h) the environmental GLM 
model residuals for the four modelled tree 
fern species. Significant spatial autocor-
relation (p < 0.05) is indicated by the black 
symbols.
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 Comparing the original AUC values with the 
bootstrap-estimated values indicated there to be more 
uncertainty in environmental model specification and 
predictive success than in the models including neigh-
bourhood effects. The differences between the original 
and bootstrapped AUC values were greatest for the en-
vironmental models of A. firma (13.5%), and the large 
size classes of C. multiflora (13.3%) and A. cuspidata 
(10.3%).
 Correlograms of Moranʼs I (Fig. 2) show differences 
in the pattern of spatial aggregation among the tree fern 
species, and in their environmental model residuals, 
at distances ranging from c. 50 m to 3 km. The occur-
rences of A. cuspidata did not show significant local 
spatial autocorrelation. In contrast, those of A. firma 
and of both Cyathea species showed significant spatial 
aggregation over short distances, especially for sites 50-
100 m apart. In A. firma, much of the local aggregation 
was accounted for by spatial pattern in environmental 
variables, as significant spatial autocorrelation was no 
longer present in the environmental model residuals. 
In the environmental model residuals for C. multiflora 
and C. ursina, Moranʼs I was much reduced relative to 
that in the raw distribution data, indicating that a part of 
the spatial aggregation was also explainable by induced 
(exogenous) spatial dependence rather than endogenous 
autocorrelation. However, significant spatial autocor-
relation at the 50 m scale remained, which may reflect 
dispersal limitation.

Discussion

 Our results support the view that habitat specializa-
tion is an important determinant of where on the rain 
forest landscape tree ferns grow. All four species had 
distributional biases with respect to habitat, with several 
environmental variables significantly related to their oc-
currence. The significant environmental variables were 
partly different, but quantitative soil chemical variables 
entered models of every species. Several earlier studies 
on rain forest plants have only considered qualitative 
classes of soil type or topographic position (e.g. Clark et 
al. 1999; Harms et al. 2001; Cannon & Leighton 2004; 
Valencia et al. 2004), which probably restricted their 
ability to identify microhabitat associations (Clark et al. 
1999; Hall et al. 2004).
 Small individuals of both C. multiflora and A. cuspi-
data were better modelled than large individuals. There 
are at least two possible explanations for this pattern. 
First, the recruitment success of these species may be 
determined by environmental suitability to a larger 
degree than later survival, and the latter may be more 
affected by random factors, such as physical damage 

(cf. Clark & Clark 1989). Second, large individuals can 
vary considerably in age and some may be quite old, 
so the environmental data may correspond better to 
the conditions that prevailed during the lifetimes of the 
small individuals. Comparable studies are limited, but 
our results contrast with those of two earlier studies on 
trees in Borneo (Webb & Peart 2000; Paoli et al. 2006) in 
which more habitat associations were found in adults than 
in juveniles, suggesting that the effect of habitat filtering 
on species distributions builds up during their ontogeny. 
Whether this reflects real differences between trees and 
tree ferns, or localities, remains to be clarified.
 Both randomization tests and adding neighbourhood 
variables to the habitat models showed that neither pair 
of congeners co-occurred more frequently than expected 
at random. In contrast, the two most common species, 
C. multiflora and A. cuspidata, co-occurred more often 
than expected at random, and they were highly signifi-
cant positive predictors of each others  ̓incidence in the 
logistic regression models. This suggests that their habitat 
preferences overlap, and that the presence of one species 
indicates the presence of such environmental conditions 
that are suitable for the other species but were not well 
modelled by the available environmental data. To a lesser 
extent, Cyathea ursina and A. cuspidata also overlapped 
in their site-wide habitat distributions, but segregated 
within plots. Both species had a bias towards stream 
valleys, but the microhabitat of C. ursina was unique at 
the within-plot scale, as this was the only species that 
usually grew on fallen tree trunks and branches. It is 
possible that greater separation between the distributions 
of the two most common species would have been found 
if the environmental variables had been measured at the 
exact location of each tree fern individual, if more envi-
ronmental variables had been included, or if information 
on species abundances had been used (Stubbs & Wilson 
2004; Tuomisto 2006).
 An important ecological process that was probably 
inadequately modelled here is gap dynamics. Available 
space, released nutrients and suitable light conditions 
for establishment and growth created by tree and branch 
falls may be a key element influencing understorey plant 
distributions (Grubb 1977; Denslow 1987; Svenning 
2000; Palmer et al. 2000; Hubbell 2001). Gap formation 
is also likely to play a stochastic role in the probability of 
survival of individuals (Clark & Clark 1989). However, 
the variables representing these effects were static, being 
an index of canopy openness at the time of inventory, 
and two measures of forest structure from several years 
earlier. Forest structure changes continuously, so the in-
formation these variables conveyed of forest successional 
processes during the lifetimes of the tree fern individuals 
will have been very limited. Forest structural variables 
were included in models of all species except C. ursina, 
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but were not among the most significant predictors except 
in models of A. firma. Soil chemistry at individual sample 
sites is also likely to change with time (Sollins 1998), but 
we assume that differences between sites representing 
the extremes of gradients in soil drainage and fertility 
are likely to be more constant.
 In addition to being dependent on model quality, the 
predictability of species-habitat relationships is affected 
by the fact that all suitable habitat is unlikely to be oc-
cupied at a given time (Fielding & Bell 1997; Hanski 
1998). Nonetheless, AUC values indicated moderate 
to good performance for models of all four tree fern 
species, except when large individuals alone were mod-
elled. Several recent studies have suggested that GAM 
often performs better than GLM (e.g. Bio et al. 2002; 
Segurado & Araújo 2004), but in the present study the 
differences were marginal. This may be because the 
study area is relatively small, and the species responses 
along the relatively short environmental gradients can be 
adequately represented with a linear model. The habitat 
distributions of the two rarer species appeared to be 
better predicted than those of the two common species. 
However, comparison of the AUC values among spe-
cies is problematic, because model evaluation is more 
uncertain for species of low incidence (McPherson et 
al. 2004). The bootstrap analyses indicated particularly 
high uncertainty in the environmental model results for 
one of the two rarer species, A. firma, as well as for large 
individuals of both common species.
 As well as influencing model predictability, a sparse 
distribution pattern could, in itself, decrease the necessity 
for niche differentiation among species (Grubb 1986; 
Wright 2002). Although their distributions overlapped 
significantly, the two most common species in this study 
also often occurred separately (in 67% of plots occupied 
by C. multiflora, and in 40% of plots occupied by A. 
cuspidata), and average densities per occupied 100 m2 
plot were less than three for both species, with most indi-
viduals belonging to the smallest size classes. Therefore, 
crown and root overlap in these species is likely to be 
quite uncommon, and they may only rarely compete for 
light and soil resources. Other elements of the flora may 
be more important competitors (Wright 2002; Tuomisto 
2006). However, even if microhabitat differences are not 
obvious at local spatial scales, niche differences may still 
exist at broader scales (cf. Tuomisto 2006).
 Significant spatial autocorrelation, especially over 
distances of 50 – 100 m, was evident in three of the 
species, particularly in the Cyathea species. This is in 
agreement with several recent studies that have identified 
significant aggregation in rain forest plants (e.g. He et al. 
1997; Condit et al. 2000; Plotkin et al. 2000; Svenning 
2001). A failure to account for spatial autocorrelation in 
statistical analyses can inflate the apparent importance of 

environmental variation for species distributions (Legen-
dre & Legendre 1998; Harms et al. 2001). Nonetheless, in 
the present study adding neighbourhood variables to the 
initial environmental models had only a minor impact on 
the set of environmental variables selected. In the case of 
A. firma, examination of the model residuals showed that 
local-scale aggregation was almost entirely accounted 
for by the modelled environmental variables, whereas in 
the Cyathea species it was not, and the remainder may 
partly reflect an effect of dispersal limitation (Schwarz 
et al. 2003). Stronger dispersal limitation in Cyathea 
can be expected on morphological grounds, because 
both Cyathea species have short trunks in comparison 
with the Alsophila species (pers. obs.; Riba 1995; Moran 
1995). The positive relationship between the incidence 
of large and small conspecifics found in our study could 
be due to either dispersal limitation or to temporal persist-
ence of suitable establishment conditions (Svenning 2001; 
Hamill & Wright 1986). More long term studies would 
be needed to distinguish among these alternatives. 
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