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Summary

1. In tropical forests, vascular epiphyte diversity increases with tree size, which could result from an
increase in area, time for colonization or an increase in microhabitat heterogeneity within-tree
crowns if vascular epiphyte species are specialized to particular microhabitats within the crown. The
importance of microhabitats in structuring epiphyte communities has been hypothesized for more
than 120 years but not yet confirmed.
2. We tested the importance of microhabitats in structuring epiphyte communities by examining
microhabitat heterogeneity and epiphyte communities within the crowns of different-sized Virola
koschnyi (Myristicaceae) emergent trees in a Costa Rican tropical wet forest. We tested the degree
to which epiphyte species composition was associated with environmental conditions and resources
(i.e. microhabitats) using multivariate analyses and a null model that compared the observed
epiphyte assemblages amongst different-sized trees and crown zones with assemblages generated
randomly. This study is the first to rigorously examine the degree of microhabitat specialization in
epiphyte communities.
3. Microhabitat heterogeneity, epiphyte species richness and abundance increased with tree size.
The largest trees had the highest microhabitat and epiphyte diversity and a unique inner crown
microhabitat with canopy humus. The few epiphytes found on small trees were mostly bark ferns.
Large trees had different epiphyte communities in different parts of the crown; the inner crown con-
tained species not abundant in any other microhabitat (i.e. aroids, cyclanths and humus ferns), and
the outer crown contained bark ferns and atmospheric bromeliads.
4. Variation in species composition amongst tree size classes was significantly related to the mean
daily maximum vapour pressure deficit and tree diameter, while variation within large tree crowns
was significantly related to canopy humus cover.
5. Microhabitat specialization of epiphyte species increased with tree size with 6% of species signif-
icantly associated with small trees and 57% significantly associated with large trees. Of the species
present in large tree crowns, 23% were specialized to the unique inner crown microhabitat.
6. Synthesis. The increase in microhabitat heterogeneity within tree crowns as trees grow contributes
to changes in epiphyte community structure, which supports decades-old hypotheses of the impor-
tance of microhabitat diversity and specialization in structuring tropical epiphyte communities.
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Introduction

The positive relationship between habitat heterogeneity and
species diversity is amongst the best documented patterns in
community ecology (Hutchinson 1959; Tews et al. 2004;
Stein, Gerstner & Kreft 2014). Greater habitat heterogeneity

is associated with greater species diversity for many taxa
including fishes (Messmer et al. 2011), mammals (Tews et al.
2004), birds (Kissling, Field & B€ohning-Gaese 2008), insects
(Kerr, Southwood & Cihlar 2001) and tropical woody plants
(Clark, Clark & Read 1998a; Harms et al. 2001). Habitat het-
erogeneity may maintain species diversity if species show
habitat specialization (e.g., Clark, Clark & Read 1998a;
Harms et al. 2001; Kerr, Southwood & Cihlar 2001; Messmer*Correspondence author. E-mail: cwoods@colgate.edu
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et al. 2011). Most studies assume habitat specialization
through correlative analyses between habitat and species dis-
tributions, but manipulative experiments or rigorous analytical
techniques such as null models can better determine the rela-
tive contribution of habitat specialization to species diversity
(Harms et al. 2001; DeWalt et al. 2006; Messmer et al.
2011).
One system in which habitat heterogeneity may contribute

to species diversity is the tropical rain forest canopy. The rain
forest canopy is host to a large proportion of the tropical
diversity in wet tropical forests (Gentry & Dodson 1987)
including up to 35% of the vascular floral diversity in vascular
epiphytes (Nieder, Prosper�ı & Michaloud 2001). Vascular epi-
phytes are non-parasitic arboreal plants, most of which spend
their entire life cycle within trees (‘holoepiphytes’ sensu Ben-
zing 1990). There is a well-established, positive relationship
between epiphyte diversity and tree size (e.g., Zotz & Vollrath
2003). Although an increase in epiphyte diversity with tree
size may be a result of the increase in time for colonization
and habitat area as trees become older and larger, changes in
epiphyte diversity may also be influenced by the change in
within-crown microhabitat heterogeneity that occurs with
increasing tree size. Microhabitats in tropical canopies are
formed by differences in environmental conditions (relative
humidity, vapour pressure deficit; Cardel�us & Chazdon 2005;
de la Rosa-Manzano et al. 2014), structure (branch size, tree
size; Johansson 1974; Hietz & Hietz-Siefert 1995) and
resources (atmospheric deposition and gradients in light; Ben-
zing 1990; Clark et al. 1998b; Cardel�us et al. 2009). Another
important resource for epiphytes that can vary with tree size is
canopy humus, defined as the organic substrate that forms
from the decomposition of plant material in situ and into
which some epiphytes establish (Benzing 1990). Small trees
are young, have a small area on which to establish and have
little variation in environmental conditions, structures and
resources in their crowns. In contrast, large trees are older with
a larger habitat area and have steep environmental, structural
and resource gradients both vertically (lower to upper canopy)
and horizontally (trunk to outer crown; Johansson 1974; Hietz
& Hietz-Siefert 1995; Chilpa-Galv�an et al. 2013). The change
in microhabitat gradients with tree size may influence the dis-
tribution of epiphytic vascular plants, particularly if different
microhabitats favour different sets of species.
Observations and hypotheses about epiphyte associations

with particular microhabitats have a long history. The first
observations that epiphytes were non-randomly distributed
within tree crowns were made by Schimper (1888), in which
he recognized distinct epiphyte communities based on micro-
habitat exposure, and Pittendrigh (1948), who qualitatively
categorized epiphytic bromeliad species into sun and shade
plants. Gradients in light, water availability and substrate fea-
tures have been hypothesized to explain epiphyte distributions
within tropical tree canopies for more than 120 years (e.g.,
Schimper 1888; Benzing, Seeman & Renfrow 1978; ter Stee-
ge & Cornelissen 1989; Hietz & Briones 1998; Reyes-Garcia,
Mejia-Change & Griffiths 2012), but no study to date has
directly measured the association of epiphyte species with

microhabitats within tree crowns at the community scale. The
epiphyte microhabitat association work carried out so far has
been correlative and examined only in large trees (Johansson
1974; Freiberg 1996; Hietz & Briones 1998; Cardel�us 2007)
or has focused only on an individual component of the micro-
habitat (Hietz & Briones 1998; Cardel�us 2007; Reyes-Garcia,
Mejia-Change & Griffiths 2012). To more fully understand
whether habitat heterogeneity influences epiphyte diversity,
many aspects of the microhabitat should be measured for
multiple species. Different epiphyte species may be influenced
by different habitat features, or habitat features may combine
to create a gradient in some other factor.
In this study, we examined the extent to which environ-

mental conditions, structural features and resources within dif-
ferent-sized tree crowns influence epiphyte communities in
one host tree species, Virola koschnyi Warb. (Myristicaceae).
We tested the hypotheses that microhabitat heterogeneity
increases as trees increase in size (Fig. S1 in Supporting
Information) and that this greater heterogeneity is important
for structuring vascular epiphyte communities. Specifically,
we asked the following questions: (i) How do microhabitats
and epiphyte species richness, abundance and composition
change with tree size? (ii) Are changes in epiphyte commu-
nity composition with tree size associated with changes in mi-
crohabitats? and (iii) To what degree do species show habitat
specialization amongst tree sizes or microhabitats within tree
crowns? We would infer that microhabitat heterogeneity con-
tributes to vascular epiphyte community structure from two
findings: epiphyte species composition is explained by micro-
habitat factors as trees increase in size, and epiphyte species
show significant associations with particular microhabitats. To
our knowledge, this is the first study to measure multiple
aspects of epiphyte microhabitats (i.e. environmental condi-
tions, structures and resources) at the community scale and
directly test the century-old hypothesis that microhabitat het-
erogeneity within tree crowns influences vascular epiphyte
community structure.

Materials and methods

STUDY AREA

This study was conducted at La Selva Biological Research Station
(10°25052″ N, 84°00012″ W, 40 m a.s.l.) in northeastern Costa Rica.
The 1600 ha of the La Selva forest are characterized as tropical wet
forest (Holdridge 1967), 55% of which is primary forest with an aver-
age density of trees ≥10 cm diameter at breast height (dbh) of
446.0 individuals ha�1 (McDade et al. 1994). La Selva receives
approximately 4000 mm of annual precipitation, predominantly dur-
ing the wet season, May–January, with an average monthly precipita-
tion of 382 mm. The drier season, February–April, receives an
average monthly precipitation of 172 mm. Average monthly tempera-
ture is 25.8 � 0.2 °C and varies little throughout the year (McDade
et al. 1994).

We examined microhabitat associations of vascular epiphytes
within the crowns of 61 individual V. koschnyi trees (Myristicaceae)
ranging in dbh from 2.5 to 103.3 cm. Virola koschnyi are emer-
gent, evergreen trees with abundant and diverse vascular epiphyte
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communities along the branches but few along the trunk. Our study,
therefore, focused on the crown alone. We chose V. koschnyi because
the myristacaceous branching pattern (branches radiate perpendicular
to the bole) made it possible to survey the epiphyte community and
measure microhabitat features within the different parts of the canopy
(inner crown to outer crown). We chose five large trees (>70 cm dbh)
from the 17 available V. koschnyi trees in the TREES data base (D.
B. Clark and D. A. Clark, pers. commun.) that were healthy, were
safe to climb and were located within old-growth forest. Our remain-
ing trees (all sizes) were also located within old-growth forest and
were >5 m from the main trails. Our study area covered approxi-
mately 1300 ha of the La Selva forest, in which the density of
V. koschnyi trees ≥10 cm dbh is 4.1 individuals ha�1 and the density
of trees ≥60 cm dbh is 0.4 individuals ha�1 (D. B. Clark and D. A.
Clark, unpubl. data).

We chose one species of tree to control for variation in host char-
acteristics, such as bark physiognomy, humus chemistry, foliar leach-
ing and life history (evergreen vs. deciduous, Cardel�us 2007;
Cardel�us et al. 2009). Despite only examining one tree species, the
findings of our study are likely applicable for other tree species as
epiphytes show little host-species specificity (Laube & Zotz 2006).
We included holoepiphytes (i.e. non-parasitic arboreal plants that
spend their entire life cycle in the tree canopy) and some primary
hemiepiphytes (i.e. those that begin their life epiphytically and even-
tually connect to terrestrial soil) in our survey. There were no second-
ary hemiepiphytes (i.e. those that begin rooted in terrestrial soil and
lose their connection, Benzing 1990; also referred to as ‘nomadic
vines’ in Moffett 2000).

EPIPHYTE SURVEYS

We surveyed epiphyte communities using both within-tree and
ground-based surveys. All trees >70 cm dbh and several trees
≤70 cm dbh whose crowns were not easily visible from the ground
and were safe to access were climbed using single-rope climbing
techniques (Perry 1978), and epiphytes were surveyed on 5–6
branches every 1 m from the trunk to the branch tips. Only the lower
5–6 branches were surveyed, as it was logistically impossible to reach
and properly survey higher branches. Within the crowns of the largest
trees (i.e. >70 cm dbh), we designated three crown zones based on
distance from the trunk: inner (0–2 m), mid (2–5 m) and outer
(>5 m) crown, in accordance with Johansson (1974; Fig. S1).
Ground-based epiphyte surveys were conducted for the remaining
trees ≤70 cm dbh as the branches of these trees were too small to
climb, the branches were visible from the ground (i.e. branches were
4–20 m from the ground), and ground-based surveys have been
shown to capture >90% of large epiphyte occurrences (Burns 2007).
Individuals <10 cm leaf length whose identity could not be deter-
mined were not included in analyses examining changes in epiphyte
communities with tree diameter. For instance, bark ferns and Pepero-
mia spp. were easy to identify given their rhizomatous growth and
were included in all analyses. However, small orchids, small aroids
and small bromeliads were not easily identifiable to species and,
therefore, were included only in abundance analyses. Given the low
abundance of small orchids and small aroids in V. koschnyi trees (<5
individuals), they would not have been included in our compositional
analyses (see below), and therefore, their exclusion did not influence
those results. The high abundance of small bromeliads, however,
could result in an underestimate of species richness in all trees and an
overestimate in the similarity in species composition amongst small
trees if the small bromeliads represented multiple species. Further-
more, slow-growing species may not be included in small trees if they

were too small to detect when young, which could underestimate sim-
ilarity in species composition between small and large trees.

We classified each epiphyte species into groups defined a priori by
taxon: aroids, bromeliads, cacti, ferns and orchids. We further parti-
tioned bromeliads based on nutrient uptake mechanisms into tank bro-
meliads (impounding) and atmospheric bromeliads (non-impounding)
as was done by Benzing, Seeman & Renfrow (1978), and we parti-
tioned ferns based on rooting medium into humus ferns (always root
in humus) and bark ferns (independent of rooting medium) following
Scheme V in Benzing (1990).

MICROHABITAT MEASUREMENTS

To determine the diversity of microhabitats within tree crowns, we
measured microhabitat variables hypothesized to be related to epiphyte
species distributions. The microhabitat variables measured were tem-
perature (T), relative humidity (RH), vapour pressure deficit (VPD), %
canopy humus cover and crown illumination or % canopy openness.
Temperature and RH were measured in the inner crowns of 3–5 indi-
viduals in each tree size class (see Statistical analysis below for tree
size classes determined from tree diameters) and in the mid- and outer
crowns of the five trees in the largest tree size class using LogTag dat-
aloggers (MicroDAQ, Contoocook, NH, USA) that recorded T and RH
every 6 min for at least 8 weeks during the wet season (July–Septem-
ber) in 2011 from which we calculated VPD. We calculated the average
of the maximum daily VPD (mean daily max VPD) across the 8-week
period. Temperature and RH could not be measured in the mid- and
outer crowns of smaller tree size classes due to logistical constraints.

We examined the amount of light reaching the entire crowns of 5–
20 V. koschnyi trees from each size class using the crown illumination
index (CII), an ordinal scale used to assess the amount of light expo-
sure of each tree crown. CII ranges from a value of 1, which is a
crown with no direct light reaching it from the side or the top and an
average canopy openness of 4%, to a value of 5, which is a completely
exposed crown with light reaching it from all sides and the top and an
average canopy openness of >90% (Clark & Clark 1992; Keeling &
Phillips 2007). Within the largest trees, we measured branch diameters
in the inner and mid-crown and estimated diameter for the outer
crown; we measured % canopy openness in the inner crown using a
densitometer (Forestry Suppliers Inc., Jackson, MS, USA) and esti-
mated the cover in the mid- and outer crown. Our % canopy openness
values were similar to those measured by Johansson (1974) for the
inner, mid- and outer crown. We estimated the percentage of the
branch covered by canopy humus in the inner and mid-crowns of each
branch in each tree by placing a 1-m2 quadrat over the branch that
was 0.5 9 2 m2. The quadrats were divided into 100 squares that
were 10 9 10 cm2. We counted the number of squares in which can-
opy humus was present to get the proportion of branch that was cov-
ered in canopy humus (Krebs 1999). The outer crowns of the largest
trees had no humus and were given a per cent humus cover of zero.

STAT IST ICAL ANALYS IS

Microhabitats and community structure

To examine how epiphyte species richness and epiphyte abundance
changed with tree size, we used regression. We predicted that epi-
phyte species richness and abundance would increase with tree diame-
ter following either a linear, loglinear (i.e. exponential) or polynomial
(i.e. quadratic) model based on previous studies (Zotz & Vollrath
2003). We, therefore, determined the best fit model from a linear,
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exponential or quadratic model as the one with the lowest second-
order Akaike information criterion that controls for small sample size
(AICc, Burnham & Anderson 2002). To check if the assumptions of
the model were met, we examined Q–Q plots, the distribution of
residuals and plots of residuals vs. predicted values. All of the models
tested met the assumptions. We also used regression to examine how
microhabitat variables changed with tree size, including the mean
daily max VPD and CII, and how microhabitat variables and branch
diameter changed with distance from the trunk in the largest trees;
microhabitat variables included mean daily max VPD, % canopy
humus cover and % canopy openness. We followed the same proce-
dures as above for model selection to determine whether a linear, log-
linear or quadratic model fit the microhabitat variables. For CII, we
also examined a logarithmic model as we hypothesized that CII
would increase until the trees emerged from the canopy and then
would level off. Some of these relationships were found previously in
tree canopies (e.g., Johansson 1974; Hietz & Hietz-Siefert 1995).

To examine whether the changes in epiphyte community composi-
tion were influenced by the changes in microhabitats that accompany
tree size, we used canonical correspondence analysis (CCA), a multi-
variate ordination technique that constrains the ordination by the envi-
ronmental variables chosen. We confined our analysis to epiphyte
species with a total of >5 individuals in the entire survey of all trees
(n = 68 for tree size analysis and n = 60 for crown zone analysis).
Microhabitat variables that were examined amongst tree sizes were
CII and mean max daily VPD, and microhabitat variables that were
examined amongst crown zones within the largest trees were mean
daily max VPD, branch diameter, % canopy humus cover and % can-
opy openness. Amongst crown zones, % canopy humus cover, branch
diameter and % canopy openness had high multicollinearity, and
therefore, branch diameter and % canopy openness were not included
in the CCA. We examined which microhabitat factors explained a sig-
nificant amount of variation in species compositional differences
amongst tree size classes and amongst crown zones using stepwise
forward-selection procedures and Monte Carlo permutation tests
(1000 permutations). We used the ‘cca’ function and the ‘ordistep’
function in the vegan package of R version 3.0.1 for CCA and step-
wise forward-selection, respectively (R Development Core Team
2009; Oksanen et al. 2010). We used a Mantel test to examine if epi-
phyte species composition amongst tree size classes was related to
geographic location using a Bray–Curtis dissimilarity matrix of spe-
cies composition and a Euclidean matrix of geographic location.

We used minimum convex hulls in the CCA to denote variance in
species composition amongst trees of similar size to better visualize
shifts in species composition with tree diameter and amongst crown
zones within large trees. We defined tree size classes based on shifts
in species composition using multivariate regression trees (MRT).
MRT is a multivariate discrimination technique that forms clusters of
sites based on environmental variables that minimize the dissimilarity
of groups within clusters (De’Ath 2002). We used epiphyte abun-
dance and species richness to define our tree clusters using a Bray–
Curtis dissimilarity matrix. The MRT analyses created four tree size
classes: 15 cm = 2.5–15 cm dbh; 30 cm = 15.1–30 cm dbh;
70 cm = 30.1–70 cm dbh; and >70 cm dbh (Fig. S2). Results
amongst size classes for the CCA and microhabitat associations did
not vary when size classes were changed.

Test of microhabitat associations

We examined the association of epiphyte species to each of the four
tree size classes as well as the three crown zones within the largest

trees (six microhabitats in total: 15 cm, 30 cm, 70 cm, >70 cm inner
crown, >70 cm mid-crown and >70 cm outer crown) using conserva-
tive randomization tests. These randomization tests are null models
that take into account the non-random and often clumped dispersion
of plants and have previously been used to examine habitat associa-
tions of liana species (DeWalt et al. 2006). We tested habitat associa-
tions for epiphyte species with >14 individuals in the entire survey of
all trees (n = 33) in accordance with DeWalt et al. (2006). The model
compared the observed relative proportion of each species in each
microhabitat to the null expected relative proportion generated by
1000 iterations of shuffling the six microhabitats. The observed rela-
tive proportion of a species in a particular microhabitat was calculated
for each tree size category or crown zone by computing the average
proportion across individual tree size classes or crown zones. The rel-
ative proportion in a particular tree size class or crown zone was cal-
culated as the proportion of epiphytes composed by that species in a
particular tree or crown position. A positive or negative association
with a particular microhabitat resulted when the observed proportion
was greater or less than the expected proportion for more than 97.5%
of the randomizations, respectively (two-tailed test with a = 0.05).

Results

Within 61 V. koschnyi trees, we found 6250 epiphyte individ-
uals representing 97 species in 44 genera and 15 families
(Table S1). Within this one tree species, we found 30% of all
epiphyte species at La Selva (McDade et al. 1994) and
observed a maximum of 65 species in a single tree (minimum
of 0 and mean of 7.8 species � 1.85 SE). Most individuals
surveyed were members of the Bromeliaceae (64%) with 7
genera and 18 species and the Orchidaceae (7%) with 12 gen-
era and 30 species (Table S1). Bromeliaceae composed a
quarter to a half of all epiphytes on trees >15 cm dbh
(Table S1).
The number of species and individuals increased signifi-

cantly with tree size (Fig. 1). The increase in species richness
with tree diameter was best described by a loglinear model
[Fig. 1a; AICc = 14.83, R2 = 0.77; log (species rich-
ness) = 0.02 (�0.001, 1 SE) dbh + 0.001 (�0.05)] relative to
a linear model (AICc = 394.22, R2 = 0.83) or a polynomial
model (AICc = 374.89, R2 = 0.88). Similarly, the increase in
epiphyte abundance with tree diameter was best described by
a loglinear model [Fig. 1b; AICc = 89.43, R2 = 0.73; log
(abundance) = 0.03 (�0.002) dbh + 0.2 (�0.09)] relative to a
linear model (AICc = 769.35, R2 = 0.77) or a polynomial
model (AICc = 689.13, R2 = 0.94). With increasing tree size,
more epiphyte groups were found, and the largest trees hosted
all seven groups (Fig. 2; Table S1). The few epiphytes that
were found on small trees were mostly bark ferns (Fig. 2).
Large trees had different epiphyte communities in different

parts of the crown. The epiphyte community in the outer
crown zone of large trees was compositionally more similar
to smaller tree crowns that were kilometres away than to the
inner crown of large trees that were metres away (Fig. 2). In
the inner crown zone, the fern community changed from
dominance by bark ferns on small trees to dominance by
humus ferns in large trees. The inner crown zone of the
largest trees had species and epiphyte groups that were not
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abundant in any other tree size class or crown zone (i.e.
aroids, cyclanths and humus ferns), all of which were never
found without canopy humus around their roots (Fig. 2;
Table S1).

Microhabitats changed with tree size and distance from the
trunk in the largest trees and influenced species distributions.
Microhabitat factors varied in their relationship with tree size.
Mean daily max VPD was best described by a humped distri-
bution (Fig. 3a), and CII was best described by a linear rela-
tionship (Fig. 3b), as no other model for either factor met the
normality assumptions. Only trees >70 cm dbh had canopy
humus. All within-crown habitat factors examined with dis-
tance from the trunk were best described by a linear relation-
ship. Per cent canopy humus cover and branch diameter
significantly decreased, and mean daily max VPD and % can-
opy openness significantly increased with distance from the
trunk (Fig. 4). The CCA showed that measured microhabitat
features explained 57% of the variation in species composi-
tion amongst tree size classes. Variation in species composi-
tion amongst tree size classes was significantly related to
mean daily max VPD (F1,23 = 4.6, P = 0.01) and dbh
(F1,23 = 3.6, P = 0.04; Fig. 5a). Within large tree crown
zones, microhabitat factors explained 41% of the variation in
epiphyte species composition. The first CCA axis was nega-
tively related to % canopy humus cover and positively related
to mean daily max VPD (Fig. 5b). However, only humus
cover was significantly associated with species composition
(F1,13 = 3.6, P = 0.01).
Epiphyte species composition was not related to the geo-

graphic location of the V. koschnyi trees at La Selva (Mantel
test, r = �0.006, P = 0.50).

MICROHABITAT ASSOCIAT IONS

Twenty-five of the 33 species (76%) exhibited a significant
association with one of the six microhabitats, defined by tree
size and crown zone (Table 1). Species within epiphyte
groups showed similar significant microhabitat associations
related to the distribution of microhabitats within the crowns
of the largest tree size class. For example, of the eight species
of humus ferns and aroids, seven showed a positive associa-
tion with the inner or mid-crown zone of large trees where
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canopy humus was available. Six of the 10 tank bromeliad
species showed negative associations with small tree size clas-
ses, and two species showed a positive microhabitat associa-
tion with the largest tree size class. Only one bark fern
species and a species of Peperomia showed positive associa-
tions with small trees (Table 1).

Discussion

As V. koschnyi trees increased in size, vascular epiphyte
diversity and abundance also increased. This well-docu-
mented relationship has been attributed to an increase in
habitat area and time for colonization as trees increase in
size and age (Zotz & Vollrath 2003; Woods & DeWalt
2013), but our study shows that it also arises because of
greater heterogeneity in microhabitats that develops within
tree crowns as they grow larger. In our study, 57% of the
variation in species composition amongst tree size classes
and 41% of the variation in species composition amongst
crown zones within large trees were explained by microhabi-
tat variables, and 76% of epiphyte species showed an asso-
ciation with a particular tree size or microhabitat within
V. koschnyi tree crowns. The largest trees had the greatest
microhabitat heterogeneity and the highest percentage of epi-
phyte species with a significant microhabitat association. Six
plant families, 23 genera and 56 species were unique to the
largest tree size class (Table S1); 32% of species unique to
large trees were significantly associated with the inner crown
(Table 1). If greater area and more time solely influenced
the change in epiphyte community structure with tree size,
the species distributions within tree crowns would be ran-
dom and any microhabitat association would be due to
chance. Our study found that greater area and more time, as
indirectly measured with tree size, contribute to the positive
relationship between species richness and abundance with
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tree size, but they do not explain the non-random distribu-
tion of epiphytes within tree crowns or the number of
microhabitat associations within the largest tree crowns.
Thus, increasing tree size produces a greater diversity of
microhabitats in the crown, which contributes to greater
epiphyte diversity through microhabitat specialization.

MICROHABITAT HETEROGENEITY AND SPECIES

DISTRIBUTIONS

Tree crown microhabitats in the smaller size classes were
homogeneous with little variation from the inner to the outer
crown zone – they had no canopy humus and little variation
in microhabitat structure and resources. The few epiphyte spe-
cies and groups that were found in small trees included bark
ferns (i.e. Microgramma sp.) and a few Peperomia spp. These
groups were also found in the outer crowns of large trees,
which may be due to their ability to live on bare bark as well
as to tolerate variable light levels, such as low light in small
understorey trees as well as high light in the outer crown of
large trees.
Larger trees had greater microhabitat heterogeneity within

their crowns with substantial changes from the inner to the
outer crown in branch diameter, % canopy humus cover, %
canopy openness and mean daily max VPD. The inner crown
zone changed the most with increasing tree size. Larger trees
had greater amounts of canopy humus and had unique envi-
ronmental conditions in this zone relative to the rest of the
crown. In the inner crown zones of the largest trees, VPD
was lower, RH was higher, and light was lower than in the
outer and mid-crown zones. The lower light levels of inner
crown zones in larger trees were likely due to self-shading by
the tree, which is shown by canopy openness in the inner
crown of large trees being 20% despite the CII value of large
trees (i.e. 4) being equivalent to an average of 37% of visible
sky (Keeling & Phillips 2007). Lower mean daily max VPD
and higher RH in inner crown zones of large trees may result
from large mats of canopy humus that hold water for longer
periods of time than bare bark, higher tree leaf transpiration
in the inner crown and trapped water vapour from the canopy
boundary layer. The inner crown zone of these large trees had
a unique epiphyte community made up of humus ferns, aroids
and cyclanths that were significantly associated only with
microhabitats where canopy humus was present.
All microhabitat factors measured explained the non-ran-

dom distribution of epiphyte species amongst crown zones
within large trees. Our results are consistent with other studies
that found epiphyte distributions within large trees to be cor-
related with the size of branches (Johansson 1974; ter Steege
& Cornelissen 1989; Hietz & Hietz-Siefert 1995), the expo-
sure of the crown (Pittendrigh 1948; Johansson 1974; ter Ste-
ege & Cornelissen 1989), microclimate (Cardel�us & Chazdon
2005) and canopy humus (Freiberg 1996). Given the high
multicollinearity amongst measured characteristics of the
microhabitat in our study, it is likely that these features com-
bine to create a gradient in some other unmeasured factor,
such as drought stress, as has been proposed previously (e.g.,
Benzing, Seeman & Renfrow 1978; ter Steege & Cornelissen
1989; Hietz & Briones 1998; Reyes-Garcia, Mejia-Change &
Griffiths 2012). Species that had significant associations with
the inner crown zone of large trees, such as many humus
ferns, are less adapted to drought than those found in the
outer crown, such as bark ferns and atmospheric bromeliads
(Pittendrigh 1948; Benzing, Seeman & Renfrow 1978;
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Benzing 1990; Watkins et al. 2007). Canopy humus buffers
epiphytic plants from experiencing extremely dry conditions
in the canopy as it absorbs rainwater and has low rates of
drainage and evaporation (Veneklaas et al. 1990; Freiberg
1996). Thus, differences in strategies to avoid or tolerate
drought may explain the non-random distribution of epiphyte
species within tree crowns.
The distributions of species that lack a relationship to any

measured microhabitat characteristic may be due to dispersal
limitation (Hubbell 2001), an unmeasured microhabitat vari-
able, density- or frequency-dependent mortality imposed by
natural enemies (Connell 1971) or a wide tolerance to differ-
ent microhabitats (i.e. are generalists). In our study, tank bro-
meliads showed little distributional relationship to
microhabitat gradients within tree crowns and therefore may
be microhabitat generalists. Several tank bromeliad species,
including Aechmea nudicaulis and Werauhia kuperiana,
showed significant negative associations with small trees,

which may be due to their large size as adults and the inabil-
ity of small branches to hold them. However, only two spe-
cies (Tillandsia monadelpha and Vriesea vittata) showed any
significant association with a particular crown zone within the
largest trees. Tank bromeliads uptake water and nutrients
from phytotelmata through leaf trichomes and use their roots
solely for anchorage to their host tree (Benzing 1990). The
ability of tank bromeliads to store water and access nutrients
from a variety of sources reduces the likelihood that they are
tied to particular substrate characteristics as hypothesized by
Pittendrigh (1948), like other epiphyte taxa are, and may
explain their wide distribution.

THE IMPORTANCE OF LARGE TREES

Our results highlight the importance of microhabitat diversity
and specialization in structuring some tropical plant communi-
ties. Although time and area for colonization contribute

Table 1. Results from the null models (randomization tests) showing significant positive (+), negative (�) or absent (no symbol) microhabitat
associations of abundant epiphyte species from different epiphyte groups to different tree size classes or canopy zones within the largest tree size
class of Virola koschnyi at La Selva Biological Research Station in Costa Rica. A positive or negative association with a particular microhabitat
resulted when the observed proportion was greater or less than the expected proportion for more than 97.5% of the randomizations. No associa-
tion means that the species’ distribution amongst microhabitats is not different from random. Tree size classes are defined as: 15 cm = 2.5–
15 cm; 30 cm = 15.1–30 cm; 70 cm = 30.1–70 cm; and >70 cm. Crown zones are defined as: inner crown (0–2 m from trunk); mid-crown (2–
5 m); and outer crown (>5 m). Abundance of each species is included in parentheses beside species’ names

Epiphyte group/Family Species >70 cm inner >70 cm mid >70 cm outer 70 cm 30 cm 15 cm

Aroids Anthurium ramonense (32) + �
Anthurium upalaense (75) � �
Philodendron wendlandii (15) + +
Stenospermation angustifolium (79) +

Atmospheric bromeliads Tillandsia bulbosa (73) + � �
Tillandsia festucoides (90)

Bark ferns Microgramma lycopodioides (118)
Microgramma percussa (56)
Microgramma reptans (227) � � +

Cacti Rhipsalis baccifera (37) � �
Epiphyllum hookeri (28)

Cyclanthaceae Chorigyne pendula (63) +
Sphaeradenia acutitepala (12) +

Gesneriaceae Codonanthe sp. (14) +
Orchids Nidema boothii (224) +

Elleanthus cynarocephalus (14) +
Prosthechea abbreviata (69)
Pleurothallis sp. 1 (16) +

Piperaceae Peperomia rotundifolia (172) + +
Humus ferns Elaphoglossum herminieri (212) + � � �

Elaphoglossum latifolium (220) + + � �
Phlebodium pseudoaureum (42) +
Vittaria lineata (120) + + �

Tank bromeliads Aechmea nudicaulis (392) � �
Guzmania lingulata (382)
Guzmania monostachya (386) �
Guzmania desautelsii (35)
Tillandsia anceps (320) � �
Tillandsia monadelpha (175) + � �
Tillandsia venusta (12)
Vriesea vittata (17) +
Werauhia gladioliflora (168) �
Werauhia kupperiana (123) � �
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substantially to the development of epiphyte communities, the
greater diversity of microhabitats in older, larger trees also
promotes epiphyte diversity. The lack of large trees and a
well-developed humus layer in the inner crown early in suc-
cession likely explains the low diversity and absence of old-
growth epiphyte species in secondary forests (Barthlott et al.
2001), even in old secondary forests >115 years of age
(Woods & DeWalt 2013). Understanding the small-scale
microhabitat requirements of species therefore enables a better
understanding of large-scale distributions of tropical vascular
epiphytes. Furthermore, our results provide additional evi-
dence of the importance of large, old trees as ‘keystone eco-
logical structures’ (Lindenmayer et al. 2014) and further
support for trying to mitigate the global decline of large, old
trees (Lindenmayer, Laurance & Franklin 2012).

Acknowledgements

We would like to thank Rigoberto Gonzalez Vargas for field support; Carly
Phillips, Sarah Callan, Angelica Amesquita, Lindsay Martin and Emily Khazan
for help with data collection; Ralph Garcia and Minor Hidalgo for help with
dataloggers; the Organization for Tropical Studies and La Selva Biological
Research Station for logistical support; and Walt Carson, Casandra Reyes-Gar-
cia, Holger Kreft and three anonymous referees for comments on the manu-
script. Funding for this research was provided by a Sigma Xi Grant-in-Aid of
Research to C.L.W. and a National Science Foundation grant (DEB-1021332)
to C.L.C. Data on the landscape distribution of V. koschnyi were developed by
D.B. Clark and D.A. Clark with support from NSF LTREB DEB-1147367 and
1357177 and NASA 11-TE11-0100.

Data accessibility

Epiphyte families in each tree size class: uploaded as online Support-
ing information.

A list of epiphyte species found in all trees in our survey: uploaded
as online Supporting information.

References

Barthlott, W., Schmidt-Neuerburg, V., Niedler, J. & Engwald, S. (2001) Diver-
sity and abundance of vascular epiphytes: a comparison of secondary vegeta-
tion and primary montane rain forest in the Venezuelan Andes. Plant
Ecology, 152, 145–156.

Benzing, D.H. (1990) Vascular Epiphytes. General Biology and Related Biota.
Cambridge University Press, Cambridge, UK.

Benzing, D.H., Seeman, J. & Renfrow, A. (1978) The foliar epidermis in Til-
landsioideae (Bromeliaceae) and its role in habitat selection. American Jour-
nal of Botany, 65, 359–365.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel
Inference: A Practical Information–Theoretic Approach, 2nd edn. Springer
Science & Business Media, New York, NY, USA.

Burns, K.C. (2007) Network properties of an epiphytic metacommunity. Jour-
nal of Ecology, 95, 1142–1151.

Cardel�us, C.L. (2007) Vascular epiphyte communities in the inner-crown of
Hyeronima alchorneoides and Lecythis ampla at La Selva Biological Station,
Costa Rica. Biotropica, 39, 171–176.

Cardel�us, C.L. & Chazdon, R.L. (2005) Inner-crown microenvironments of two
emergent tree species in a lowland wet forest. Biotropica, 37, 238–244.

Cardel�us, C.L., Mack, M.C., Woods, C.L., DeMarco, J. & Treseder, K.K.
(2009) The influence of tree species on canopy soil nutrient status in a tropi-
cal lowland wet forest in Costa Rica. Plant and Soil, 318, 47–61.

Chilpa-Galv�an, N., Tamayo-Chim, M., Andrade, J.L. & Reyes-Garcia, C.
(2013) Water table depth may influence the asymmetric arrangement of epi-
phytic bromeliads in a tropical dry forest. Plant Ecology, 214, 1037–1048.

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

Clark, D.B., Clark, D.A. & Read, J.M. (1998a) Edaphic variation and the
mesoscale distribution of tree species in a neotropical rain forest. Journal of
Ecology, 86, 101–112.

Clark, K.L., Nadkarni, N.M., Schaefer, D. & Gholz, H.L. (1998b)
Atmospheric deposition and net retention of ions by the canopy in a tropical
montane forest, Monteverde, Costa Rica. Journal of Tropical Ecology, 14,
27–45.

Connell, J.H. (1971) On the role of natural enemies in preventing competitive
exclusion in some marine animals and in rain forest trees. Dynamics of Pop-
ulations (eds P.J. Den Boer & G. Gradwell), pp. 298–312. PUDOC, Wagen-
ingen, The Netherlands.

De’Ath, G. (2002) Multivariate regression trees: a new technique for modeling
species–environment relationships. Ecology, 83, 1105–1117.

DeWalt, S.J., Ickes, K., Nilus, R., Harms, K.E. & Burslem, D.F.R.P. (2006)
Liana habitat associations and community structure in a Bornean lowland
tropical forest. Plant Ecology, 186, 203–216.

Freiberg, M. (1996) Spatial distribution of vascular epiphytes on three emergent
canopy trees in French Guiana. Biotropica, 28, 345–355.

Gentry, A.H. & Dodson, C. (1987) Contribution of nontrees to species richness
of a tropical rain forest. Biotropica, 19, 149–156.

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

Hietz, P. & Briones, O. (1998) Correlation between water relations and within-
canopy distribution of epiphytic ferns in a Mexican cloud forest. Oecologia,
114, 305–316.

Hietz, P. & Hietz-Siefert, U. (1995) Structure and ecology of epiphyte commu-
nities of a cloud forest in central Veracruz. Journal of Vegetation Science, 6,
719–728.

Holdridge, L.R. (1967) Life Zone Ecology. Tropical Science Center, San Jose,
Costa Rica.

Hubbell, S.P. (2001) The Unified Neutral Theory of Biodiversity and Biogeog-
raphy. Princeton University Press, Princeton, New Jersey.

Hutchinson, G.E. (1959) Homage to Santa Rosalina or why are there so many
kinds of animals? The American Naturalist, 93, 145–159.

Johansson, D. (1974) Ecology of vascular epiphytes in West African rain for-
est. Acta Phytogeographica Suecica, 59, 1–136.

Keeling, H.C. & Phillips, O.L. (2007) A calibration method for the crown illu-
mination index for assessing forest light environments. Forest Ecology and
Management, 242, 431–437.

Kerr, J.T., Southwood, T.R.E. & Cihlar, J. (2001) Remotely sensed
habitat diversity predicts butterfly species richness and community similarity
in Canada. Proceedings of the National Academy of Science, 98, 11365–
11370.

Kissling, W.D., Field, R. & B€ohning-Gaese, K. (2008) Spatial patterns of
woody plant and bird diversity: functional relationships or environmental
effects? Global Ecology and Biogeography, 17, 327–339.

Krebs, C.J. (1999) Ecological Methodology. Addison Wesley Longman, Menlo
Park, CA, USA.

Laube, S. & Zotz, G. (2006) Neither host-specific nor random: vascular epi-
phytes on three tree species in a Panamanian lowland forest. Annals of Bot-
any, 97, 1103–1114.

Lindenmayer, D.B., Laurance, W.F. & Franklin, J.F. (2012) Global decline of
large old trees. Science, 338, 1305–1306.

Lindenmayer, D.B., Laurance, W.F., Franklin, J.F., Likens, G.E., Banks, S.C.,
Blanchard, W. et al. (2014) New policies for old trees: averting a global cri-
sis in a keystone ecological structure. Conservation Letters, 7, 61–69.

McDade, L.A., Bawa, K.S., Hespenheide, H.A. & Hartshorn, G.S. (1994) La
Selva: Ecology and Natural History of a Neotropical Rain Forest. University
of Chicago Press, Chicago.

Messmer, V., Jones, G.P., Munday, P.L., Holbrook, S.J., Schmitt, R.J. &
Brooks, A.J. (2011) Habitat biodiversity as a determinant of fish community
structure on coral reefs. Ecology, 92, 2285–2298.

Moffett, M.W. (2000) What’s “up”? A critical look at the basic terms of can-
opy biology. Biotropica, 32, 569–596.

Nieder, J., Prosper�ı, J. & Michaloud, G. (2001) Epiphytes and their contribution
to canopy diversity. Plant Ecology, 153, 51–63.

Oksanen, J., Guillaume Blanchet, F., Kindt, R., Legendre, P., O’Hara, B.,
Simpson, G.L., Solymos, P., Stevens, M.H.H. & Wagner, H. (2010) vegan:
Community ecology package. R package version 1.17-9. Available at http://
CRAN.R-project.org/package=vegan.

Perry, D. (1978) A method of access into the crowns of emergent trees. Biotro-
pica, 10, 155–157.

Pittendrigh, C.S. (1948) The bromeliad Anopheles malaria complex in Trinidad.
I. The bromeliad flora. Evolution, 2, 58–89.

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 421–430

Microhabitat diversity influences epiphytes 429



R Development Core Team. (2009) R: A Language and Environment for Statis-
tical Computing. R Foundation for Statistical Computing, Vienna. ISBN 3-
900051-07-0. Available at http://www.R-project.org.

Reyes-Garcia, C., Mejia-Change, M. & Griffiths, H. (2012) High but not dry:
diverse epiphytic bromeliad adaptations to exposure within a seasonally dry
tropical forest community. New Phytologist, 193, 745–754.

de la Rosa-Manzano, E., Andrade, J.L., Zotz, G. & Reyes-Garcia, C. (2014)
Epiphytic orchids in tropical dry forests of Yucatan, Mexico – Species occur-
rence, abundance and correlations with host tree characteristics and environ-
mental conditions. Flora-Morphology, Distribution, Functional Ecology of
Plants, 209, 100–109.

Schimper, A.F.W. (1888) Die Epiphytische Vegetation Amerikas. G. Fischer,
Jena.

ter Steege, H.J. & Cornelissen, H.C. (1989) Distribution and ecology of vascu-
lar epiphytes in lowland rain forest of Guyana. Biotropica, 21, 331–339.

Stein, A., Gerstner, K. & Kreft, H. (2014) Environmental heterogeneity as a
universal driver of species richness across taxa, biomes and spatial scales.
Ecology Letters, 17, 866–880.

Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M.C., Schwager,
M. & Jeltsch, F. (2004) Animal species diversity driven by habitat heteroge-
neity/diversity: the importance of keystone structures. Journal of Biogeogra-
phy, 31, 79–92.

Veneklaas, E., Zagt, R.J., Van Leerdam, A., Van Ek, R., Broekhoven, A.J. &
Van Genderen, M. (1990) Hydrological properties of the epiphyte mass of a
montane tropical rain forest, Columbia. Vegetatio, 89, 183–192.

Watkins, J.E. Jr, Mack, M.C., Sinclair, T.R. & Mulkey, S.S. (2007) Ecological
and evolutionary consequences of desiccation tolerance in tropical fern ga-
metophytes. New Phytologist, 176, 708–717.

Woods, C.L. & DeWalt, S.J. (2013) The conservation value of secondary for-
ests for vascular epiphytes in central Panama. Biotropica, 45, 119–127.

Zotz, G. & Vollrath, B. (2003) The epiphyte vegetation of the palm Socratea
exorrhiza – correlations with tree size, tree age and bryophyte cover. Journal
of Tropical Ecology, 19, 81–90.

Received 11 April 2014; accepted 1 December 2014
Handling Editor: Frida Piper

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Hypothesized gradients in microhabitats among tree size
classes and amongst crown zones within the largest trees.

Figure S2. Multivariate regression tree used to define tree size
classes.

Table S1. List of epiphyte species, their family and group within 61
Virola koschnyi trees at La Selva Biological Research Station in
Costa Rica.

Table S2. Number of epiphyte families, genera, species, functional
groups and individuals of each epiphyte family in total and within
each Virola koschnyi size class.

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 421–430

430 C. L. Woods, C. L. Cardel�us & S. J. DeWalt


