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Forest canopies have been dubbed the last biological frontier and continue to remain
underexplored. Vascular epiphytes form a rich assemblage of plants within the forest
canopy and apart from sustaining diverse taxa, they also fulfill critical ecological
functions. Vascular epiphytes are particularly sensitive to perturbations of microclimate
and microhabitat within the canopy, especially from anthropogenic changes such as
logging. The forests of the megadiverse Western Ghats in India harbor a rich assemblage
of vascular epiphytes, but their ecology has not been examined systematically. We
compared the diversity, abundance, and composition of a vascular epiphyte assemblage
between an unlogged and a historically selectively logged forest in the southern Western
Ghats, India, and identified factors affecting the epiphyte assemblage. Canopies of
100 trees each in selectively logged and unlogged forests were accessed using the
single-rope technique. We found 20 species of vascular epiphytes with the assemblage
dominated by members of Orchidaceae. The diversity and abundance of epiphytes were
significantly greater in the selectively logged forest. One host tree, Cullenia exarillata,
supported the greatest number of epiphytes in both forest stands. The niche widths
of epiphyte species, computed with host tree species as a resource, were similar
between the two stands but a greater number of species pairs overlapped in the
selectively logged forest. Overall, epiphyte abundance was negatively associated with
unlogged forests. Host tree species, tree height, and presence of moss on branches
were positively associated with the abundance of epiphytes. Despite being ecologically
important, no study has thus far examined the impact of selective logging on the
epiphyte assemblage in the Western Ghats. Our findings contribute to the knowledge of
vascular epiphytes from South and Southeast Asia and set the stage for future research
and conservation.

Keywords: canopy science, community ecology, mixed-effects model, logging, single rope technique, vascular
epiphyte, conservation, Western Ghats
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INTRODUCTION

Forest canopies are defined as the aggregate of tree crowns in a
stand of vegetation (Parker, 1995) and are a dynamic, functional
interface between terrestrial biomass and the atmosphere
(Ozanne et al., 2003; Nakamura et al., 2017). The canopies
support diverse organisms ranging from insects to plants (Erwin,
1991; Nadkarni, 1994; Lowman and Schowalter, 2012). The
presence of this rich diversity has been attributed to the structural
complexity, availability of microhabitats, and resources within
the canopy (reviewed in Ozanne et al., 2003). The loss or
alteration to forests and the canopy is bound to profoundly
influence aspects such as nutrient fluxes, carbon sequestration,
plant water relations, and biodiversity support (Ozanne et al.,
2003; Nadkarni et al., 2011; Lowman, 2020). Although globally
acknowledged to be an important habitat, our knowledge and
understanding of the canopies has only begun to gradually
expand over the past four decades (Lowman, 2020).

Forest canopies serve as an important habitat for plants
that germinate and root non-parasitically on other plants at
all stages of life, termed epiphytes (Benzing, 2004; Zotz, 2016).
Vascular epiphytes are diverse, comprising over 31,100 species
distributed globally and accounting for nearly 10% of all extant
plants (Benzing, 2004; Nakamura et al., 2017; Zotz et al., 2021).
Although distributed globally, the diversity of vascular epiphytes
peaks in the humid subtropical and tropical regions (Zotz and
Hietz, 2001; Wolf and Flamenco-S, 2003; Zotz et al., 2021).
Vascular epiphytes are vertically stratified on trees (Benzing,
1995) and occupy a three-dimensional space within the canopy,
resulting in varying distribution patterns when observed at
different ecological scales (Mendieta-Leiva and Zotz, 2015) such
as individual trees (e.g., Freiberg, 1996), vertically on trees (e.g.,
Petter et al., 2015), across forest stands (e.g., van Leerdam et al.,
1990; Nieder et al., 2000; van Dunné, 2002; Wolf and Flamenco-
S, 2003; Alvarenga et al., 2009), and elevation gradients (e.g.,
Cardelús et al., 2005; Ding et al., 2016). Irrespective of their
distribution, vascular epiphytes are vital to maintaining several
canopy-atmosphere interactions (reviewed in Lowman and
Schowalter, 2012) including nutrient flux regulation; temperature
regimes (Scheffers et al., 2014); and plant-water relations (Van
Stan and Pypker, 2015). They also enhance the structural
and functional diversity of the canopy ecosystem by providing
resources to a wide variety of organisms ranging from insects to
mammals (Nadkarni and Matelson, 1989; Nadkarni and Longino,
1990; Nakamura et al., 2017).

Observed distribution patterns are attributed to the
physiology of the epiphyte (Zotz and Hietz, 2001), microclimatic
conditions (Krömer et al., 2006), and a varying degree of
affinity to host tree characteristics (Wagner et al., 2015).
Host trees are the fundamental unit of habitat for epiphytes,
and it follows that tree size and architecture influence the
diversity of epiphytes (Flores-Palacios and Garcia-Franco,
2006; Zotz and Schultz, 2008; Wolf et al., 2009; Zhao et al.,
2015). Typically, large trees with greater diameter are older and
have had greater time for epiphyte colonization events as well
as a greater variation in light and humidity (Benzing, 2004;
Burns, 2007). Furthermore, aspects of the host tree such as

substrate characteristics (Kernan and Fowler, 1995), phenology
(Einzmann et al., 2015), and branch throughfall (Winkler et al.,
2005) may affect the patterns of epiphyte colonization and
survival (Callaway et al., 2002). Disturbance from selective
logging of host trees is predicted to negatively affect the vascular
epiphyte assemblage (Petter et al., 2021) and indeed, studies have
documented negative impacts of selective logging on epiphytes
(e.g., Padmawathe et al., 2004; Wolf, 2005; Woods and DeWalt,
2013). However, there is increasing evidence indicating that
selective logging where old-growth vegetation is retained can
offset the negative impact and the epiphyte assemblages are
similar to unlogged forests (Hietz, 2005; Hietz et al., 2006;
Lõhmus and Lõhmus, 2010). As rapid deforestation continues
in the tropics (Koh et al., 2004; Asner et al., 2005; Broadbent
et al., 2008; Sodhi et al., 2009; Laurance, 2013; Struebig et al.,
2015), it is imperative to document the impacts on diverse
epiphyte assemblages.

The Western Ghats of India is one of the densely populated
regions (Cincotta et al., 2000) and the natural landscapes are
being threatened by increasing fragmentation and land-use
change (Cincotta et al., 2000; Critical Ecosystem Partnership
Fund, 2007). The Western Ghats of India and Sri Lanka are a
global biodiversity hotspot (Myers et al., 2000) and while much
of the landscape has been converted to different land uses, a
large proportion of the natural landscape has been formally
protected (Das et al., 2006). The vascular epiphyte assemblage
in the Western Ghats has not been systematically studied and
existing knowledge is from numerous regional checklists (e.g.,
Ganesan and Livingstone, 2000; Annaselvam and Parthasarathy,
2001; Mathew and George, 2015; Sebastian et al., 2021). The
epiphyte diversity is likely to be underestimated because the
forest canopy has largely been ignored. Furthermore, there
is no systematic investigation of the impacts associated with
activities such as logging of trees or forest stands, on vascular
epiphyte assemblages, especially within the forest canopy of
the Western Ghats.

We aimed to understand how disturbance to forests in the
form of selective logging affects the vascular epiphyte assemblage.
We achieved this by systematically documenting the epiphyte
abundance and diversity in the forest canopy of wet-evergreen
forests of the southern Western Ghats. A part of the wet-
evergreen forests of the Kalakad Mundanthurai Tiger Reserve
(KMTR), Tamil Nadu was selectively logged ∼40 years ago
and this has altered the vegetation, impacting the regeneration
process (Ganesan, 2000; Ganesan and Davidar, 2003; Nerlekar
et al., 2019). Furthermore, long-term ecological research in
KMTR has also documented the persisting effects of selective
logging on taxonomic groups such as amphibians (Seshadri,
2014), birds (Ramachandran and Ganesh, 2012), butterflies
(Devy and Davidar, 2001), lizards (Ishwar et al., 2003), and small
carnivores (Mudappa et al., 2007). So far, 55 species of epiphytes
have been documented from KMTR with a subset of them being
restricted to the forest canopy (Ganesan and Livingstone, 2000).

Here, we (1) document the richness, diversity, and abundance
of vascular epiphyte assemblages in unlogged and selectively
logged forests. Given that selective logging of trees alters the
substrate available for epiphytes, we hypothesized selectively
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logged forests to be lower in epiphyte species richness, diversity,
and abundance; (2) compare the niche width and overlap
of epiphytes, using the host tree as a resource, between the
unlogged and selectively logged forests. During the selective
logging activities, specific host tree species were logged, and
we hypothesized that the loss of tree resources would result in
narrower niches and greater extent of overlaps among epiphytes
in the selectively logged forest; and (3) identify characteristics
of the host tree as well as the microhabitat that are associated
with the abundance of vascular epiphytes. We expected the
abundance to be negatively associated with the selectively logged
forest. Our novel findings serve as the baseline information to
investigate the associations of epiphytes with their host trees and
habitats in other parts of India. Our findings are at the interface
of understanding forest canopy and disturbance ecology with
broader implications for conserving vascular epiphytes in South
and Southeast Asia.

MATERIALS AND METHODS

Study Area
We sampled trees in the wet-evergreen forests of Kalakad
Mundanthurai Tiger Reserve (KMTR, 8◦25′ to 8◦53′ N and
77◦10′ to 77◦35′ E, 900 km2) located within the Agasthyamalai
Biosphere Reserve in the southern Western Ghats (Figure 1).
The study area is located between 1,300 and 1,400 m asl and
receives a mean annual rainfall of 3,000–3,500 mm, from the
Northeast and the Southwest monsoon with a pronounced
dry season between January to May (Ganesh et al., 1996).
Trees in two contiguous sites, Kakachi (unlogged) and Upper
Kodayar (selectively logged), were sampled in an area of ca.
4 km2 each and are located within a north–south oriented
saddle among hill ranges of KMTR. The unlogged forest
comprises Cullenia-Palaquium-Aglaia vegetation type and the
selectively logged forest comprises Cullenia-Calophyllum-Aglaia
type (Ganesh et al., 1996; Ganesan, 2000). Trees such as
Cullenia exarillata, Palaquium ellipticum, Myristica dactyloides,
and Calophyllum austroindicum were logged in Upper Kodayar
until the year 1988 for timber, supplied to the matchstick
industry. The effects of selective logging on the tree vegetation
were apparent even after 20 years after logging ceased (Ganesan
and Davidar, 2003) and continue to linger on recruitment of
trees even after 40 years (Nerlekar et al., 2019). The trees in
unlogged and selectively logged forests grow between 30 and 35 m
in height and have comparable average mean annual temperature
(unlogged = 18.1◦C vs. Selectively logged = 18.7◦C) and relative
humidity (unlogged = 71.7% vs. selectively logged = 76.7%).
However, the light irradiance levels are nearly 15 times greater
in the selectively logged forest (667 lux/m2) than unlogged forest
(44.5 lux/m2; Ganesh and Tamizalagan, 2012).

Study Design
The vascular epiphyte assemblage was our study unit, the host
tree, our sampling unit at the scale of selectively logged and
unlogged forest (sensu Mendieta-Leiva and Zotz, 2015). We chose
100 trees each in the unlogged and selectively logged forests using

a stratified random sampling approach. In a stratified search,
trees were selected by two persons walking off from existing
trails in the forest and scanning branches for epiphytes using
binoculars (Bushnell R© 8X40). Any tree >25 cm in diameter at
breast height and having epiphytes on more than five branches
was randomly chosen and termed the “focal” tree and the
nearest four trees irrespective of epiphyte presence were chosen
as “satellite” trees. Five such trees formed a cluster, resulting
in 20 clusters in the unlogged and selectively logged forests,
respectively. Clusters were 50–100 m apart and this design was
used for analyzing neighborhood effects on the vascular epiphyte
assemblage, as part of another study. To account for the habitat
heterogeneity, 30 trees (6 clusters) were within 10 m of a stream
and were considered to represent the riparian microhabitat type
and the remaining 70 (14 clusters) trees were beyond 10 m and
represented the non-riparian microhabitat type.

Trees were accessed using a modified single rope technique
(Perry, 1978) by at least two persons and data collection was
spread over 3 years from April 2008 to January 2010. Each
spatially explicit epiphyte, including juveniles, was considered as
an individual (Sanford, 1969). The number of epiphyte species,
host tree species, microhabitat type (riparian or non-riparian),
and geographic coordinates were recorded for each host tree.
The following parameters were quantified for each sampling unit:
tree height (m): from the base of the tree to the topmost part
of the crown using a 50 m measuring tape; crown diameter
(m): the extent of the tree crown, averaged from measurements
of the distance from tree trunk to the edge of the crown in
eight directions (N, NE, E, SE, S, SW, W, and NW); diameter
of the tree: diameter of the trunk (DBH), measured 1.2 m
above ground; association of moss with epiphyte occurrence: the
presence or absence of moss or lichen on the tree branch at
the site of epiphyte growth. Epiphyte species were ascertained
in the field based on morphology using keys (Fischer, 1928;
Sathish Kumar and Manilal, 1994).

Data Analysis
The number of epiphyte species was used as species richness.
Shannon (H′) index was used as a measure of diversity and
followed up with a Diversity t-test (Hutcheson, 1970) to compare
diversity between unlogged and selectively logged forests. Rank
abundance curves of epiphytes were compared using a log-
series distribution (Krebs, 1989) and followed up with a chi2
goodness of fit test (Hammer et al., 2001). The evenness of
the vascular epiphyte assemblage was computed using Simpson’s
index (Magurran, 2013). The relative abundance of epiphytes
occurring thrice or more; abundance of epiphyte species on host
trees; and host tree characteristics (tree height, average crown
diameter, and average branch girth of the host tree) followed a
non-normal distribution, and their ranks were compared using
a Mann–Whitney U test. All the aforementioned analyses were
performed in PAST R© (Hammer et al., 2001). The occurrence
and abundance of epiphytes on at least three host tree species
was used to compute niche width using Levin’s index and niche
overlap was measured using Pianka’s Index (Pianka, 1974) using
the “spa” package (Zhang, 2016) in R ver. 4.0.5 (R Core Team,
2021). Levin’s index is used to compute niche width for species
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FIGURE 1 | (A) Map showing the study area. The dotted line indicates the Western Ghats. Circles represent the two sampling sites, Kakachi (purple, unlogged) and
Kodayar (gold, selectively logged). (B) The forest canopy is seen from the ground in Kakachi. (C) Flowers and bulbs of Eria pauciflora. (D) Leaves and bulbs of
Bulbophyllum tremulum growing around a branch of a Cullenia exarillata tree.

occurring in different resources (Feinsinger et al., 1981) and
Pianka’s index uses a resource utilization matrix to compute pair-
wise overlap values (Pianka, 1973, 1974). Levin’s index values for
those epiphyte species occurring more than thrice and common
to both the unlogged as well as the selectively logged forest were
compared using a Wilcoxon Rank Test (Hammer et al., 2001).

A generalized linear mixed model was used to examine
the association of epiphyte abundance with host tree and
habitat characteristics. This class of analysis was chosen
because the inherent structure in our study design of 40
clusters and mixed models allow us to include a random
effect (Bolker et al., 2009). The continuous variables were
chosen based on variance-inflation factor (VIF) scores and
variables scoring < 3 were retained (Zuur et al., 2009).
Although DBH, crown diameter, and tree height scored < 3
VIF values, we found them to be correlated, and thus,
only tree height was retained for the model. The abundance
of epiphytes was a dependent variable in the generalized
linear mixed-effects model. Fixed effects included the four
categorical variables (habitat type: selectively logged vs. unlogged;
association of moss with epiphyte occurrence: moss present
vs. absent; microhabitat: riparian vs. non-riparian; host tree
family: 16 families (Achariaceae; Anacardiaceae; Calophyllaceae;
Clusiaceae; Ebenaceae; Elaeocarpaceae; Fabaceae; Lauraceae;
Malvaceae; Meliaceae; Moraceae; Myristicaceae; Rubiaceae;
Salicaceae; Sapotaceae; Unidentified) which were factorized and
tree height was scaled before model fitting. The host tree family

was used as a surrogate because the model failed to converge
upon using the 22 host tree species as a fixed effect. Epiphytic
abundance being a “count” variable (meaning it was never
negative), a Poisson error function was used. The function
“glmer” in the “lme4” package ver.1.1-27 (Bates et al., 2015)
was used to perform the mixed-effects analysis in R ver. 4.0.5
(R Core Team, 2021).

RESULTS

Overview of the Vascular Epiphyte
Assemblage
We found 2,129 individuals of vascular epiphytes (mean epiphyte
abundance ± SD = 10.6 ± 17.4 indiv./tree; range = 0–115)
belonging to 20 species, 13 genera, and 6 families (including two
unidentified species, genera, and family) on 173 host trees of 22
species, 22 genera, and 17 families (including two unidentified
species, genera, and family). Members of Orchidaceae comprised
85% of epiphyte abundance followed by Piperaceae (9.3%) and
Melastomataceae (3.2%). Two other families, including one
unidentified group, comprised the remaining 2.5% abundance
(Table 1). The vascular epiphyte assemblage was dominated
by Eria pauciflora followed by Bulbophyllum sp1 and Oberonia
brunoniana. Among the 20 species, six are endemic to the
Western Ghats, four have a pan-Asian distribution, three are
endemic to the Western Ghats-Sri Lanka biodiversity hotspot,

Frontiers in Forests and Global Change | www.frontiersin.org 4 October 2021 | Volume 4 | Article 727422

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-727422 October 21, 2021 Time: 16:11 # 5

Seshadri et al. Epiphytes From Western Ghats

TABLE 1 | Relative abundance of vascular epiphytes encountered in the unlogged and selectively logged forests of the Kalakad Mundanthurai Tiger Reserve (KMTR).

Relative abundance (%)

Family Genera Species Selectively logged Unlogged Total Mann–Whitney U z Distribution

Apocynaceae Hoya 0.4% 0.4% 0.4% India–Sri Lanka

Hoya pauciflora 0.4% 0.4% 0.4% 6 0.51

Gentianaceae Fagraea 2.9% 0.3% 2.0%

Fagraea ceilanica 2.9% 0.3% 2.0% India, Indochina, and Malesia

Melastomataceae Medinilla 4.7% 0.1% 3.2%

Medinilla beddomei 4.7% 0.1% 3.2% Western Ghats

Orchidaceae 82.3% 90.2% 84.9%

Eria 44.7% 38.2% 42.6%

Eria pauciflora 42.5% 32.8% 39.3% 1005 3.7** Western Ghats

Eria pseudoclavicaulis 2.3% 5.4% 3.3% 18 0.37 Western Ghats

Bulbophyllum 14.6% 45.1% 24.7%

Bulbophyllum sp1 9.1% 28.3% 15.5% 1089 0.53

Bulbophyllum fischeri 0.4% 1.7% 0.8% Pan Asia

Bulbophyllum tremulum 0.3% 0.0% 0.2% Western Ghats

Bulbophyllum sp2 4.9% 15.1% 8.3% 391 0.37

Cymbidium 0.0% 0.1% 0.0%

Cymbidium aloifolium 0.0% 0.1% 0.0% Pan Asia

Dendrobium 2.7% 4.0% 3.1%

Dendrobium heterocarpum 2.7% 4.0% 3.1% 105 0.62 Pan Asia

Lipari 0.1% 0.0% 0.1%

Liparis elliptica 0.1% 0.0% 0.1% Pan Asia

Oberonia 16.2% 2.3% 11.6%

Oberonia sp 0.0% 0.1% 0.0%

Oberonia brunoniana 16.2% 2.1% 11.6% 102 1.11 Western Ghats

Papilionanthe 2.0% 0.3% 1.4%

Papilionanthe subulata 2.0% 0.3% 1.4% India–Sri Lanka

Sirhookera 1.9% 0.3% 1.4%

Sirhookera latifolia 1.9% 0.3% 1.4% India–Sri Lanka

Piperaceae Peperomia 9.7% 8.6% 9.3%

Peperomia wightiana 7.5% 7.9% 7.6% 183.5 0.52 Western Ghats

Peperomia sp 2 2.3% 0.7% 1.7%

Unidentified Unidentified 0.0% 0.3% 0.1%

Un id 1 0.0% 0.1% 0.0%

Un id 2 0.0% 0.1% 0.0%

Shown are the percentages for family, genera, and species. The difference in relative abundance was significant only for Eria pauciflora.** denotes p < 0.01.

and one is found in India, Indochina, and Malesia. The remaining
species were identified only to genera or as taxonomically
distinct units and thus, their geographic distribution could not be
determined. Epiphytes almost always co-occurred with moss and
lichens in both unlogged and selectively logged forest (epiphyte
individuals in unlogged: with moss present = 705, absent: 2;
selectively logged: with moss present = 1,421, absent = 1).
Additionally, we found 36 individuals of accidental epiphytes
(trees and shrubs) and mistletoes, all greater in abundance and
species richness in the selectively logged forest (5 species, 28
individuals) than unlogged forest (1 species and 8 individuals).

Species richness was similar between the selectively logged
(N = 16) and the unlogged forests (N = 18). The composition of
the vascular epiphyte assemblage was significantly more diverse
in the selectively logged forest (Shannon H’ = 1.95) compared to
the unlogged forest (Shannon H’ = 1.8; t = 3.14, df = 1559.7). The

vascular epiphyte assemblage followed a log series distribution
in both forests (selectively logged vs. unlogged; α = 2.5 vs.
3.36; x = 0.99 vs. 0.99; chi2 = 339.6 vs. 46.49; p < 0.05;
Figure 2). The vascular epiphyte assemblage was more even in
the selectively logged (evenness index = 0.44; range = 0.41–
0.46) compared to the unlogged forests (evenness index = 0.33,
range = 0.32–0.41) with 14 species being common to both. Two
species were unique to the selectively logged and four were
unique to the unlogged forest. Overall, the relative abundance
of epiphytes was significantly lower in the unlogged forest (707
indiv.) compared to the selectively logged forest (1,422 indiv.;
Mann–Whitney U: 2903, z = 2.55, p = 0.009). Among the epiphyte
species encountered, E. pauciflora and Bulbophyllum sp1 were
the two most abundant species in both the selectively logged
and unlogged forest. While O. brunoniana was the third most
abundant in selectively logged forest, Bulbophyllum sp2 was the
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FIGURE 2 | The epiphyte rank abundance followed a log-series distribution in both the unlogged (dots and solid line in purple) and the selectively logged forest
(diamond and solid line in gold). Species abundances are ranked with model estimates shown in purple dots (unlogged) and gold dashes (selectively logged).

third most abundant species in the unlogged forest (Figure 3).
Only eight epiphyte species were encountered more than thrice
each in selectively logged and unlogged forest and among them,
the difference in abundance of E. pauciflora was statistically
significant (Table 1).

Host Tree Composition
Epiphytes were encountered on 22 host tree species belonging to
22 genera, and 17 families including two unidentified tree species.
Four tree species that hosted epiphytes were common to both the
selectively logged and unlogged forest, 14 species were unique
to the selectively logged, and four were unique to the unlogged
forest. Overall, C. exarillata hosted the highest abundance of
epiphytes in both selectively logged (n = 1096) and unlogged
forest (n = 501) and the difference was statistically significant
(Figure 4; Mann–Whitney U = 649.5, z = 3.55, p < 0.01).
Among all the host tree species, C. exarillata was taller in the
unlogged (26.5 ± 3.1 m, N = 49) compared to the selectively
logged forests (23 ± 2.3 m, N = 46; Mann–Whitney U = 427.5,
z = 5.2, p < 0.01) forest, but the crown diameter did not differ
between unlogged (5.3 ± 2 m, N = 47) and selectively logged
forest (5.3 ± 1.7 m, N = 45; Mann–Whitney U = 997.5, z = 0.5,
p > 0.5). The differences in characteristics of other host tree
species, common to both the unlogged and selectively logged
forests, were not compared because of insufficient encounters
(Supplementary Table 1).

Niche Width and Overlap on Host Trees
The niche widths of epiphytes occurring on three or more host
tree species, and common to both selectively logged (Levin’s
Index, range = 1.1–4.8) and unlogged forest (Levin’s Index,
range = 1.1–2.0) were similar (Wilcoxon rank test, W = 15,
z = 0.9, p > 0.05). In both the unlogged as well as the selectively
logged forests, O. brunoniana had the widest niche whereas
Peperomia wightiana had the narrowest niche in the unlogged

forest and Eria pseudoclavicaulis had the narrowest niche in
the selectively logged forest (Table 2). In the selectively logged
forest, 28 species pairs overlapped by over 90% with 14 species
pairs overlapping completely and the least extent of overlap was
between E. pseudoclavicaulis and Papilionanthe subulata (0.40;
Supplementary Table 2). In the unlogged forest, 15 species
pairs overlapped by over 90%, only one species pair overlapped
completely (Bulbophyllum fischeri and Bulbophyllum sp2), and
the least extent of overlap was between E. pseudoclavicaulis
and Hoya pauciflora (1.7; Supplementary Table 2). The greatest
extent of niche overlap between species was similar between the
unlogged and selectively logged forest but the lowest extent of
overlap was smaller in the unlogged forest (Table 3).

Factors Determining the Vascular
Epiphyte Abundance
The maximal additive model tested the influence of five variables
as fixed effects and one random variable as a random effect on the
abundance of epiphytes. Only four fixed effects had a statistically
significant effect on epiphytic abundance (AIC = 2050.3, residual
df = 179; cluster ID as random effect [variance ± SD]: 0.5 ± 0.7;
Table 4). Epiphyte abundance was negatively associated with the
unlogged forest. Epiphyte abundance was positively associated
with tree height, the presence of moss, and four of the 16
host tree families (Figure 5). The association with riparian
microhabitat was positive but the difference between non-
riparian microhabitat was not statistically significant.

DISCUSSION

The ecology of vascular epiphytes growing in the forest
canopies of tropical forests remains understudied. Access to
forest canopies has been an impediment but since the 1980s
methods such as the single rope technique have enabled easy
access (reviewed in Lowman and Schowalter, 2012). Using
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FIGURE 3 | Proportions of epiphyte species composition differed between unlogged and selective logged forests. Relative abundance of epiphytes in the unlogged
(purple) and the selectively logged forest (dotted gold). The percentage of the total abundance is depicted. Actual relative abundance values are presented on bars.

the single-rope technique to access canopies, we documented
the presence of a diverse assemblage of epiphytes (20 species,
2,129 individuals) growing in the forest canopy of the wet-
evergreen forest in the southern Western Ghats of India. The
vascular epiphyte assemblage was greater in diversity as well
as relative abundance in the selectively logged forest. Epiphytes
were encountered on more host tree species in the selectively
logged forest but one host tree species, C. exarillata, hosted
most of the epiphyte abundance in both selectively logged and
unlogged forests. The niche breadth and overlap of epiphyte
species, computed using the host tree as a resource, was wider and
epiphyte species overlapped with each other to a greater extent in
the selectively logged compared to the unlogged forest. Overall,
epiphyte abundance was negatively associated with unlogged
forest and positively associated with host tree height, presence
of moss, and host trees belonging to four families. The location

of the host tree in the riparian and non-riparian microhabitat did
not have any statistically significant effect on epiphyte abundance.
Taken together, our findings indicate that while the vascular
epiphyte assemblage is influenced by the host tree characteristics,
the effects of historical selective logging continue to persist
even after 40 years since logging ceased. There are currently no
other studies examining the ecological determinants of vascular
epiphytes in the forest canopy in the Western Ghats, and our
findings serve as a baseline for further research into the nature
of epiphyte ecology in India as well as other parts of South
and Southeast Asia.

The Vascular Epiphyte Assemblage
The epiphyte assemblage in both the unlogged and selectively
logged forests was dominated by orchids, especially E. pauciflora,
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FIGURE 4 | Relative abundance of vascular epiphytes encountered on host tree species in the unlogged (purple) and the selectively logged forest (dotted gold)
forest is shown as a percentage of the total abundance. Actual relative abundance values are shown on respective bars.

followed by Bulbophyllum spp. Both these species are drought-
tolerant, and their increased abundance suggests that the
epiphyte assemblage is responding to microclimate perturbations
due to selective logging. Selective logging of trees is known to shift
the epiphyte assemblage from a mesic to drought-tolerant species
(e.g., Wolf, 2005) and epiphytes adapt to physical environmental
gradients such as variation in atmospheric moisture and light
availability (Benzing, 2004). Constraints of moisture availability
are likely to bear a greater influence on epiphytes compared to
light irradiance or nutrition (Zotz and Hietz, 2001). Although
the study site receives >3,000 mm of rainfall annually, there is a
pronounced dry season between January to May. Epiphytes such
as E. pauciflora grow as a dense mat with bulbous, elongated
stalks ending with a pair of leaves. We speculate that the dense
mat likely traps canopy litter, thus accumulating canopy soil
organic matter as opposed to Bulbophyllum spp. which creep
along the branch, without forming a dense mat. Individuals of
Bulbophyllum spp. also shed their leaves in subsequent years
and only bare discoid bulbs from the plant body (Pers. Obs.).
Other species such as O. brunoniana and P. wightiana do not

have any vascular bulbs and yet were found in relatively high
abundance in selectively logged forest. Both species appear to
have moisture conserving strategies such as thick leathery strap-
shaped leaves of O. brunoniana or possess thick succulent leaves
in P. wightiana. The ability to tolerate drought could be critical
for epiphytes to tide over xeric conditions in some periods of the
year as they do not have access to soil moisture. Studying dispersal
ability, the life span, and growth rates after colonization of these
epiphytes would help us understand how quickly they were able
to colonize the selectively logged habitat and proliferate. Such
information would also help us identify epiphyte species that may
be vulnerable to the impacts of climate change.

Niche Width, Overlap, and Host Bias
The dependence of epiphyte communities on a particular host has
been considered as host preference or host specificity. However,
Wagner et al. (2015) argue that determining specificity is a
challenge given the diversity of trait associations of both the host
tree as well as epiphytes. At best, any perceived association can
only be termed as host bias. Host tree characteristics determine
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TABLE 2 | Niche width of vascular epiphytes computed using the Levin’s Index
are presented for unlogged and selectively logged forests.

Species Unlogged Selectively logged

Bulbophyllum fischeri 1.4 –

Bulbophyllum sp1 1.9 1.2

Bulbophyllum sp2 1.9 2.8

Bulbophyllum tremulum – 2.7

Dendrobium heterocarpum – 1.1

Eria pauciflora 1.6 1.2

Eria pseudoclavicaulis 1.6 1.1

Fagraea ceilanica – 1.2

Medinilla beddomei – 1.4

Oberonia brunoniana 2.0 4.8

Papilionanthe subulata – 5.0

Peperomia wightiana 1.1 2.0

Hoya pauciflora 3.0 –

Only epiphyte species occurring on three or more host tree species were used.

TABLE 3 | The minimal and maximal niche overlap values of 12 vascular epiphytes
encountered in the unlogged and selectively logged forests are presented.

Unlogged Selectively logged

Species Min Max Min Max

Bulbophyllum fischeri 0.23 0.99 – –

Bulbophyllum sp1 0.21 1.00 0.41 1.00

Bulbophyllum sp2 0.21 0.98 0.61 0.95

Bulbophyllum tremulum – – 0.52 0.88

Dendrobium heterocarpum – – 0.42 1.00

Eria pauciflora 0.23 0.97 0.43 1.00

Eria pseudoclavicaulis 0.17 0.23 0.40 1.00

Fagraea ceilanica – – 0.41 1.00

Hoya pauciflora 0.54 0.59 – –

Medinilla beddomei – – 0.41 0.98

Oberonia brunoniana 0.95 0.95 0.69 0.79

Papilionanthe subulata – – 0.44 0.44

Pianka’s index of overlap was computed for epiphyte species occurring on three or
more host tree species.

epiphyte colonization and growth (Benzing, 1995; Benzing,
2004). A decline in host tree densities will likely affect epiphytes
that have specific requirements for establishment. In this study,
the unlogged forest is dominated by the Cullenia-Palaquium-
Aglaia series (Ganesh et al., 1996). Among the three, C. exarillata
alone supported about 80% of the epiphyte abundance in both
unlogged and selectively logged forests. One of the host tree
species, P. ellipticum was naturally absent in the selectively logged
sites and C. exarillata supported twice the number of epiphytes.
The selective logging activities specifically targeted old-growth
trees of large diameter and had affected the forest structure as
well as regeneration of these species in the logged sites when
measured 24 years after logging activities ceased (Ganesan and
Davidar, 2003). A more recent examination of the forest stands
indicates that the effects are still pervasive nearly 40 years after
logging (Nerlekar et al., 2019). Despite the structural changes to

the forest composition, the epiphyte assemblage did not appear
to be drastically affected by the loss of host trees or change in
host tree composition because the niche widths were statistically
similar between unlogged and selectively logged forests.

The ability of C. exarillata to host a high abundance of
epiphytes could be due to a combination of its relative abundance,
large size, and bark features conducive to epiphyte colonization.
Bark features of host trees are an important aspect that can
affect the epiphyte distribution (e.g., Wyse and Burns, 2011) as
is branch orientation (Mendieta-Leiva and Zotz, 2015; Wagner
et al., 2015). The bark on C. exarillata tree is flaky and
accumulates a large quantity of woody dust. This, along with the
accumulation of canopy soil organic matter (Nadkarni, 1994),
likely offers a rich nutrient source for the establishment of
epiphyte communities (Zotz, 2016). Besides, the tree exhibits
cauliflorous inflorescence which results in several woody knobs
all along the branches. These branches after flowering/fruiting
leave a rough surface which could serve as important micro-
sites for deposition of the wind-dispersed epiphytic seeds. Several
mammals visit the tree for feeding on the flowers (Ganesh and
Devy, 2000) and they might be aiding as secondary dispersal
agents of several epiphytic species as they move to other trees. In
addition, the tree architecture may be conducive to intercepting
wind-dispersed spores because the branches radiate horizontally
from the trunk. Branches of different orientations and directions
may provision diverse microclimatic gradients varying on the
axes such as light, relative humidity, and the likelihood of
intercepting wind-dispersed seeds. Future research will help us
gain insights into the mechanisms behind the greater epiphyte
abundance on C. exarillata.

We expected the epiphytes occurring in selectively logged
forests to have a narrower niche width because fewer host trees
would be available for colonization. We found that the niche
widths of five epiphyte species common to the two forests were
unaffected, meaning that the five epiphyte species used the same
range of host trees or trees in both the unlogged and selectively
logged forest. We found the niche among species to overlap to
a greater extent in the selectively logged forest, indicating that
fewer host trees had suitability for colonization and more than
one species pair was sharing the host tree as a resource. Niches
vary on multi-dimensional axes, and it remains to be studied if
variability in other resources such as moisture or light availability
resulted in the patterns we have observed. Future studies may
also be able to quantify the microclimatic variability within host
trees and evaluate colonization rates by quantifying seed or spore
arrival on host trees in both forests. Taken together, the unaffected
niche widths and greater overlaps in selectively logged forests
suggest that the epiphyte assemblage shows a moderate degree
of structural host bias (sensu Wagner et al., 2015).

Determinants of the Vascular Epiphyte
Assemblage
Our generalized linear mixed model analysis indicated that the
epiphyte abundance was positively associated with tree height,
presence of moss on branches, and four host tree families;
negatively associated with unlogged forest; and did not vary
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TABLE 4 | The output of a generalized linear mixed-effects model built using the abundance of epiphytes on the individual tree as a dependent variable.

Number Fixed effect Estimate Std. error z P Significance

(Intercept) −1.85 0.94 −1.97 0.05 *

1 Forest type: unlogged −1.76 0.24 −7.29 0 ***

2 Host tree family: Anacardiaceae −0.27 0.8 −0.34 0.73

2 Host tree family: Calophyllaceae 0.07 0.73 0.1 0.92

2 Host tree family: Clusiaceae 0.4 0.93 0.43 0.67

2 Host tree family: Ebenaceae 3.87 0.79 4.92 0 ***

2 Host tree family: Elaeocarpaceae 2.74 0.9 3.06 0 **

2 Host tree family: Fabaceae 0.73 0.89 0.82 0.41

2 Host tree family: Lauraceae 1.06 0.73 1.45 0.15

2 Host tree family: Malvaceae 1.6 0.72 2.23 0.03 *

2 Host tree family: Meliaceae 0.05 0.75 0.07 0.95

2 Host tree family: Moraceae 0.91 0.73 1.25 0.21

2 Host tree family: Myristicaceae 0.59 0.75 0.79 0.43

2 Host tree family: Rubiaceae 1.91 0.74 2.6 0.01 **

2 Host tree family: Salicaceae 0.6 0.82 0.73 0.47

2 Host tree family: Sapotaceae 1.31 0.72 1.8 0.07 .

2 Host tree family: unidentified −0.44 0.77 −0.57 0.57

3 Tree height 0.89 0.06 15.1 0 ***

4 Moss: present 3.31 0.58 5.72 0 ***

5 Microhabitat: Riparian 0.10 0.25 0.41 0.68

Fixed effects included forest type (logged vs. unlogged); host tree family; tree height (m); moss presence (vs. absent); and microhabitat (riparian vs. non-riparian). Cluster-
ID, with five trees forming one cluster was used as a random effect (see Section “Data Analysis”). Numbers 1–5 refer to the fixed effects. All fixed effects except tree height
(m) were categorical. Data from 200 trees and 40 clusters were used for model fitting. Significance P-values < 0 are represented by ***; <0.001 by **; <0.05 by *.

between riparian on non-riparian zones. Host tree features are
known to profoundly influence the abundance of epiphytes
(Benzing, 2004). Several studies have found the diameter of the
host tree (DBH) to be correlated with tree heights as well as
epiphyte abundance (e.g., Zotz and Vollrath, 2003) and more
generally, tree size is correlated with epiphyte abundance (Hietz-
Seifert et al., 1996; Hietz, 2005; Wolf et al., 2009; Dislich and
Mantovani, 2015). Tree height or DBH is used as a proxy for
tree size and we find the tree height to be similar between both
unlogged and selectively logged forests and overall, older and
thus larger, trees were likely to support a greater abundance of
epiphytes. A similar trend has been observed in another study
from Asia by Zhao et al. (2015). The only other study from
India, by Padmawathe et al. (2004), found the richness and
abundance of epiphytes were significantly correlated with crown
diameter but not with tree height. However, they treat crown
diameter and tree height as two separate variables while the two
may be correlated. While we also measured the average crown
diameter and DBH, we used only tree height because the two were
strongly correlated.

The presence of moss also emerged as a key driver for epiphyte
abundance from our models. Mosses and lichens comprise the
non-vascular epiphyte community and vary within the tree based
on microclimate and substrate characteristics (e.g., Holz et al.,
2002). In the temperate forests, the bryophytic vegetation is early
colonizers and these poikilohydric (ability to increase or decrease
moisture holding capacity) flora create thick mats of dead and
decaying vegetation which enables colonization by other vascular
epiphyte assemblages (Nadkarni, 2000). Studies suggest that
the mats of lichens and mosses may provide a substrate for
colonization of vascular epiphyte either by trapping seeds or

spores or buffer the moisture requirements or all three (reviewed
in Zotz, 2016). The mechanisms of seed arrival and establishment
of vascular epiphytes as well as associations with other plants such
as mistletoe or lianas continues to be understudied, especially in
the tropics. Our finding that the vascular epiphytes were almost
always found with non-vascular epiphytes indicates similarities
in the community ecology of vascular epiphytes in both tropical
and temperate forests. We expected the epiphyte abundance to
be associated with riparian habitats because moisture availability
is a known physiological constraint (Zotz and Hietz, 2001) for
epiphyte colonization and survival. On the contrary, we found
that the presence of the host tree in the riparian zone did
not support a greater number of epiphytes compared to those
in the non-riparian zones, irrespective of the logging status.
The strong positive association with the presence of moss and
their poikilohydric nature is likely to have buffered epiphyte
assemblages to a similar extent in both selectively logged and
unlogged sites. However, future evaluation of the performance
of epiphyte assemblage as measured by colonization or growth
rates in riparian and non-riparian zones is necessary because
climate change effects will likely affect the two zones differently
(Seavy et al., 2009).

The tree height and presence of moss on host trees could be
attributed to the host tree characteristic itself. We were unable
to account for the host tree as a fixed effect in the model
because of model convergence issues and therefore, we used the
host tree families as a proxy, assuming that the characteristics
influencing the epiphyte assemblage would be similar among
species within the family. Among the 16 families used to build the
model, a positive association was observed in only four families
viz., Ebenaceae (1 host tree species), Elaeocarpaceae (1 host tree
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FIGURE 5 | Epiphyte abundance was positively associated with increasing tree height (A). Associations within the unlogged forest (purple dots) and the selectively
logged forest (gold diamond) are shown along with trendlines for unlogged (purple dotted) and selectively logged (gold dashed); similar proportions of epiphytes were
found in the riparian (diagonal stripes) and non-riparian (solid gray) microhabitats of both the unlogged and the selectively logged forest (B). Abundance values are
depicted on respective bars, and epiphyte abundance was positively associated with host tree species in the family Ebenaceae, Elaeocarpaceae, Malvaceae, and
Rubiaceae. The proportion of epiphyte abundance for each host tree family in the unlogged (solid purple) and the selectively logged forest (dotted gold)
are depicted (C).

species), Malvaceae (2 host tree species), and Rubiaceae (1 host
tree species). Examining the five host tree species belonging
to the four families (Supplementary Table 1) suggests that the
rough or fissured bark texture may be aiding the epiphyte
abundance. Further studies could artificially modify the substrate
and determine colonization rates on these host tree species to
determine if bark features are indeed an important driver for the
rich abundance of epiphytes.

The status of the forest, whether selectively logged or
unlogged, was statistically significant in the model and unlogged
forests were negatively associated with epiphyte abundance.
This was an unexpected result, and we speculate that the
old-growth vegetation in the unlogged forest, the dense,
unbroken canopy, and the slower recruitment of host trees
resulted in a saturated habitat for epiphyte colonization. Tree
falls would create gaps in the forest canopy, facilitating the
recruitment of young trees, but such gaps were uncommon
(Pers. Obs.). The dense and continuous canopy could also
affect the wind flow and thus, seed and spore dispersal in
the unlogged forest compared to the more open, selectively
logged forest. Long-term studies of air temperature, relative
humidity, and light irradiation in both selectively logged and
unlogged sites show a marked increase in light irradiation in
the selectively logged forest (Ganesh and Tamizalagan, 2012). All

these factors, in combination, may have enabled the epiphyte
abundance to increase in selectively logged sites, resulting in a
positive association.

Conserving Epiphyte Assemblages in the
Western Ghats of India
Commercial logging of trees is a major driver of land-use change
and has profound consequences on the structure and function
of the ecosystem (Brown and Gurevitch, 2004; Fredericksen and
Fredericksen, 2004; Padmawathe et al., 2004; Asner, 2005; Ernst
et al., 2006; Peres et al., 2006; Villela et al., 2006; Broadbent
et al., 2008; Burivalova et al., 2014). Such land-use modifications
invariably impact vascular epiphytes as they depend on existing
flora for survival. In our study site, the forests were logged
about four decades ago and information about its impacts on
floral diversity is limited to three reports on trees and other
vegetation but not on epiphytes (Ganesan, 2000; Ganesan and
Davidar, 2003; Nerlekar et al., 2019). Although few studies exist
in Asia, several studies have examined the impacts of logging
on the epiphyte community in the neotropics and suggest that
the impacts of selective logging are fewer compared to clear
felling (e.g., Wolf, 2005; Wolf et al., 2009). Studies also highlight
the importance of retaining old-growth trees within selectively
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logged sites as an effective management strategy to conserve
biodiversity (Rosenvald and Lõhmus, 2008). Parts of the Western
Ghats are well protected, but a diverse range of habitats lay
outside the protected areas and need to be conserved (Das et al.,
2006). Wild harvest of orchids for medicine and trade (Hinsley
et al., 2018) may also be an emerging threat to epiphytic orchids
in India and it is necessary to document its impacts.

CONCLUSION

Our findings indicate the presence of distinct distribution
patterns of epiphytes at the scale of forest type as well as between
host trees. It appears that after 40 years since logging activities
ceased, the vascular epiphyte assemblage does not match that
of the unlogged forest. Although there was higher epiphytic
abundance in the selectively logged forest, we caution against
using our findings as evidence to support indiscriminate or
selective logging because we only present a snapshot of the
selectively logged forest during its succession. Despite 40 years
since logging, the impacts appear to persist on vascular epiphytes
as a greater abundance of drought-resistant species were found
in the selectively logged forest. Our study has caveats such as
the unavailability of data on moisture, light irradiance, and tree
architecture for all the trees sampled. The lack of a baseline before
the forest was logged or from elsewhere within the Western
Ghats prevents us from making unified inferences. Nevertheless,
the findings open an avenue for further research about the
physiology of epiphytes, the changes to faunal diversity supported
by epiphytes, and highlights the need to document patterns of
epiphyte colonization on trees differing in characteristics such as
architecture or bark texture. Such studies would provide novel
insights, expand our understanding of the forest canopy, and
help conserve them in the rapidly changing forests of South
and Southeast Asia.
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