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Abstract
In a forest, the distribution of vascular epiphytes depends on host tree size and substrate type. However,
previous studies have mainly focused on tropical forests, despite the growing interest in temperate
forests with a high diversity of epiphytes and the frequent occurrence of accidental epiphytism in
terrestrial species. This study examined the distribution of accidental and obligate epiphytes on 8
Cercidiphyllum japonicum (Cercidiphyllaceae) trees in a Japanese temperate forest based on the
observation of 1,301 epiphyte individuals belonging to 49 species. The hypothesis that the number of
total epiphyte species and individuals increased significantly and exponentially with increasing tree size
were supported. As predicted, the proportion of accidental epiphyte species would increase with tree size
but that of obligate epiphytes would decrease. In agreement with our hypothesis, the major rooting
substrate types of accidental and obligate epiphyte assemblages were different. Accidental epiphytes
depended mainly on arboreal soil and, to a lesser extent, on moss; however, they were absent on the bark.
By contrast, obligate epiphytes were most frequently found on moss, followed by bark and arboreal soil.
These results highlight the greater impact of host tree size on the diversity of accidental epiphytes
compared to obligate epiphytes, suggesting that there are differential effects of host tree size on
accidental and obligate epiphytes in temperate forests. Additionally, the thick accumulation of organic
matter is crucial for the establishment and growth of accidental epiphytes.

Introduction
Epiphytism, where plants grow on other plants without parasitizing them, has evolved in various
phylogenetically independent vascular plant taxa. Approximately 10% of all vascular plant species
worldwide are epiphytic (Zotz et al. 2021). Vascular epiphytes generally colonize trees, and on the “host
trees,” they provide various arboreal organisms with essential habitats and food sources (Díaz et al. 2012;
Nadkarni and Matelson 1989; Scheffers et al. 2014). Moreover, they are important nutrient- and water-
cycling components in arboreal ecosystems (Hargis et al. 2019; Nadkarni et al. 2004).

Given the contribution of epiphytes to biodiversity and material cycling in arboreal ecosystems,
understanding the habitats of each epiphytic species is important. First, on an individual host tree scale,
the size of the host tree is a major factor that affects the entire epiphyte assemblage on the tree.
Specifically, the number of epiphyte species and individuals on a tree is often higher on larger trees than
on small trees (Taylor and Burns 2015; Flores-Palacios and García-Franco 2006; Hattori et al. 2009;
Komada et al. 2022; Wagner and Zotz 2020; Woods et al. 2015), resulting in a significant difference in the
species composition of epiphyte assemblages (Wagner and Zotz 2020; Woods et al. 2015). This
phenomenon has been attributed to the large surface area of the habitats on large trees (Taylor and
Burns 2015; Wagner and Zotz 2020; Woods et al. 2015) and the protracted availability of the habitats
(Flores-Palacios and García-Franco 2006). In addition, large trees generally have highly complex tree
architecture and habitats with considerable environmental variation, enabling many epiphyte species with
different microhabitat preferences to co-occur (Woods et al. 2015; Woods et al. 2019).
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Second, in a single host tree crown, the distribution of each epiphyte species is influenced by various
micro-environmental factors. One is the nature of the substrate around the epiphyte rooting point.
Arboreal soil (sometimes referred to as canopy soil, canopy humus, and suspended soils), moss, and bark
are known to influence epiphyte establishment and growth (Hoeber and Zotz 2022; Ishii et al. 2018;
Woods et al. 2019). For instance, Harrison et al. (2003) found that epiphytic seedlings of Ficus spp.
(Moraceae) in a Bornean lowland forest required microhabitats with arboreal soil deposition for their
establishment. In Costa Rican tropical forests, Woods et al. (2015) found that the presence of certain
epiphytic species is determined by the presence of arboreal soil or bark. Johansson (1974) summarizes
the substrate types, including arboreal soil, moss, and bark, in which each epiphyte species grows. This
pattern is considered to be related to the differences in the capacity of such microhabitats to retain water
and nutrients (Hoeber et al. 2019; Hoeber et al. 2020; Hoeber and Zotz 2022; Ishii et al. 2018; Sillett 1999),
and the water content has been shown to be higher in thick substrates than in thin substrates (Sillett and
Pelt 2007; Tatsumi et al. 2021).

On a global scale, the number of studies clarifying the within-forest distribution of epiphytes is strongly
biased toward tropical regions. Although some temperate forests harbor rich epiphyte floras, and the
diversity of epiphytes in the forests is comparable to that of the tropics (Zotz 2005), few studies have
targeted temperate forest epiphytes. Temperate forests are characterized by a high diversity of accidental
epiphytes, which are plant species that generally grow on the ground and do not necessarily occur in
arboreal habitats (Azuma et al. 2022; Hoeber et al. 2019; Ishii et al. 2018). In addition, accidental
epiphytes may account for more than 90% of the total number of epiphyte species in temperate forests
(Hoeber and Zotz 2022). In contrast, the epiphytic flora of tropical forests is generally composed of
obligate epiphytes, which almost always occur on trees (Hoeber and Zotz 2022; Nieder et al. 2000). While
numerous obligate epiphyte species manage to establish themselves on bare bark by acquiring drought-
resistant traits such as Crassulacean acid metabolism (CAM) photosynthesis (Zotz 2016), the
establishment of accidental epiphytes is restricted to specific microhabitats rich in organic matter, such
as arboreal soil or moss (Hoeber et al. 2019; Hoeber et al. 2020; Hoeber and Zotz 2022; Ishii et al. 2018;
Sillett 1999). Although the precise distribution of accidental and obligate epiphytes within temperate
forests remains poorly understood, their distributions likely different from one another. This distinction
arises from the greater prevalence of microhabitats with arboreal soil or moss on large, old trees
compared to smaller, younger trees (Hoeber and Zotz 2022; Ishii et al. 2018; Woods et al. 2019).
Additionally, the number of obligate epiphyte species in a forest is lower than that of co-occurring
terrestrial species (Taylor et al. 2022). Consequently, if accidental epiphytism frequently occurs among
numerous terrestrial species within a forest, the proportion of accidental epiphyte species and individuals
would likely increase with increasing tree size. However, the proportion of obligate epiphytes would
decrease as a result of the different species-pool-sizes of accidental and obligate epiphytes.

Among temperate forest areas, those in Japan harbor relatively rich epiphytic flora(Hattori et al. 2009;
Zotz 2005). In an old-growth forest in western Japan, approximately 5% of vascular plant species is
occurring as obligate epiphytes (Sakaguchi et al. 2008). In addition, a single large individual of
Cercidiphyllum japonicum Siebold, and Zucc. (Cercidiphyllaceae) in this forest has been shown to host
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39 plant species, including 32 accidental and 7 obligate epiphyte species (Azuma et al. 2022). Therefore,
this forest is a suitable site for the investigation of distribution patterns of accidental and obligate
epiphytes in temperate regions.

Here, within the forest, based on the census of epiphytes on eight different-sized Cercidiphyllum trees, we
aimed to investigate the effects of host tree size on the number of species, number of individuals, and
species composition of epiphyte assemblages. In addition, we aimed to identify which microhabitats with
three different substrate types (i.e., arboreal soil, moss, and bark) each accidental/obligate epiphyte
species preferred in a temperate forest. To this end, on each host tree, we recorded the number of
individuals of each epiphyte species and the substrate types of each epiphyte individual. We
hypothesized that:

1. The number of epiphyte species and individuals would increase with increasing tree size.
2. The proportion of accidental epiphyte species and individuals would increase with increasing tree

size, but those of obligate epiphytes would decrease.
3. The major establishing substrate type differs between accidental and obligate epiphyte

assemblages, and the former are more strictly dependent on water and nutrient-rich arboreal soil or
moss than obligate epiphytes.

Material and methods

Study site and targeted host trees
All field surveys were conducted in the Ashiu Research Forest of Kyoto University (35°18′N, 135°43′E;
355–959 m a.s.l.) in northeastern Kyoto Prefecture, Japan. The area is part of Kyoto Tamba Kogen
Quasi-National Park, and more than half of the vegetation is old-growth forest. The forest is located in the
transition zone between cool-temperate and warm-temperate, with snowfall ranging from 1–3 m and
mean monthly temperatures ranging from − 0.4 ºC in January to 24.0 ºC in August. The mean annual
precipitation was 2280 mm at a forest weather station at 640 m a.s.l. from 2000–2015.

We targeted eight Cercidiphyllum japonicum trees in a riverine forest at the study site because large
individuals of the species in the Ashiu Research Forest have been confirmed to host many epiphyte
individuals. This tree is one of the most common species in the riparian forests at the study site, where it
generally occurs sympatrically with Aesculus turbinata Blume (Sapindaceae) and Pterocarya rhoifolia
Siebold and Zucc. (Juglandaceae) (Yamanaka et al. 1993). We measured the size of each tree, that is,
girth at breast height (GBH) and tree height, using a measuring tape and a razor rangefinder (TruPulse
360; Lasor Technology, Inc.). The eight trees differed in their GBH and tree height, and the data are
summarized in Table 1. The physiognomy of the host tree architecture is shown in Fig. S1. The largest
individual tree is the same as that targeted in Azuma et al. (2022) and Tatsumi et al. (2021).

Field survey
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We conducted a field census of epiphytes from 2018–2021 (early summer to autumn) using single- and
double-rope climbing techniques with the aid of binoculars. First, on each targeted tree, we checked
almost all epiphyte individuals and recorded their species names, the position of each epiphyte individual
on the tree, and the proximal aboveground height at which each epiphyte individual occurred.
Rhizomatous epiphytes were difficult to distinguish from one another. Therefore, to count the
approximate number of individuals for these species, we regarded a patch that were clearly separated
from another individual as one plant. Second, from 2020–2021, we recorded the substrate types around
the rooting points of epiphyte individuals. Based on preliminary observations, we classified the epiphyte
substrates into three types: arboreal soil, moss, and bark. The arboreal soil was defined as a substrate
with accumulated organic matter of ≥ 2 cm depth, regardless of the presence of bryophyte and lichen;
moss was the substrate with bryophyte and/or lichen cover of < 2 cm depth, often accompanied by the
frequent accumulation of organic matter beneath it; and bark was the substrate without any arboreal soil,
moss, or lichen cover. Figure 1 summarizes the physiognomy of substrate types. Epiphytes whose roots
were confirmed to reach the ground were unclassified and excluded from the analysis. For subsequent
taxonomic identification, voucher specimens were created for all epiphyte species.

Classification of epiphyte species
Taxonomic classification of the recorded epiphytes was performed based on our previous work (Azuma
et al. 2022) and examination of herbarium specimens stored at the Ashiu Research Forest of Kyoto
University. Each epiphyte species was classified according to its epiphyte type, i.e., obligate or accidental,
based on reliable literature. We defined obligate epiphytes as species that occur almost always on trees
and do not generally grow on ground soil, and accidental epiphytes as species that generally grow
terrestrially on ground soil. Root-climbing liana species (e.g., Hydrangea spp.) were also censused, as
were epiphyte individuals, but were excluded from the analyses. However, some individuals of these
species germinate and grow on trees without contact with the ground soil (authors, pers. obs.) It is often
difficult to distinguish epiphytic individuals from those connected to ground soil by their roots and/or
stems. Seedlings of epiphytic individuals with stem lengths less than 5 cm and without adult leaf stages
were not recorded to avoid misidentification due to their scant morphological characteristics.

Statistical analysis
All analyses were performed using the R software version 4.0.5 (R Core Team 2021), with a significance
of < 5 %. To analyze te effects of tree size on epiphyte assemblages, we used GBH as an indicator of tree
size. Then, to analyze the relationship between the number of epiphyte species or individuals on a tree
and tree size, we used generalized linear models (GLMs) with a Poisson distribution and a log-link
function, and a quasi-Poisson distribution and a log-link function. The number of species or individuals
of all epiphytes on each target tree was the response variable, and GBH was the explanatory variable. We
then calculated the McFadden pseudo-R ² (McFadden 1974) to measure the goodness of fit. Linear
models (LMs) were used to examine the changes in the composition of obligate and accidental epiphytes
along the GBH. The response variable was the percentage of obligate or accidental epiphyte species out
of the total number of epiphyte species on a tree, and GBH was the explanatory variable. We calculated
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the Shannon–Wiener diversity index (H’) (Shannon 1948) for each host tree to compare species richness
based on evenness. Regarding the analyses of substrate types, epiphyte individuals whose establishing
substrates were unclassified were excluded from the calculation. Differences in the proportion of
epiphytes distributed among the established substrate types were identified using Kruskal–Wallis test,
followed by Steel–Dwass multiple comparison tests. Due to the small sample size, the Kruskal–Wallis
and Steel-Dwass test calculations were performed based on Monte Carlo resampling procedures.
Proportional changes in substrate types relative to GBH were analyzed using GLMs, with the proportion of
arboreal soil, moss, or bark as a response variable and GBH as an explanatory variable.

Results

Overall epiphyte assemblages on Cercidiphyllum trees
A total of 1,301 epiphytes belonging to 49 species were found in 7 of 8 Cercidiphyllum trees (Table 2).
The Polypodiaceae and Rosaceae were the most species-rich families, with five epiphyte species. Of the
total epiphyte species, 38 (77.6%) were accidental, and 11 (22.4%) were obligate (Table 2). In terms of
abundance, accidental epiphytes comprised 17.5% of the total number of individuals, and obligate
epiphytes accounted for approximately 82.5%.

The most abundant species was Crepidomanes minutum (Blume) K. Iwats. (Hymenophyllaceae), with
609 individuals, accounting for 47.2% of the total number of recorded epiphytes (Table 2). The most
abundant species were Polypodium fauriei Christ (Polypodiaceae, 198 ind., 15.3%), Davallia mariesii T.
Moore ex Baker (Davalliaceae, 112 ind., 8.7%), Oxalis nipponica S. Aoki et J. Murata ssp. nipponica
(Oxalidaceae, 85 ind., 6.53%), and Lepisorus annuifrons (Makino) Ching (Polypodiaceae, 51 ind., 3.9%).
Of these abundant species, only O. nipponica is an accidental epiphyte. In contrast, rare species with only
one or two individuals were predominantly accidental (95.5%). The variations in epiphyte species
composition among host tree individuals are summarized in Fig. 2. Among the epiphyte species with a
recorded number of individuals, five or more occurred in more than two host trees (Table 2, Fig. 2). In
particular, P. fauriei and O. nipponica subsp. nipponica were found on seven and six host trees,
respectively (Table 2, Fig. 2). However, 35 epiphyte species (71.4% of the total number of species)
occurred only on the largest individual tree (Table 2 and Fig. 2).

Effects of host tree size on the distribution of epiphyte
assemblages
The number of epiphyte species on a tree significantly and exponentially increased with greater GBH
(pseudo R2 = 0.92, P < 0.001; Fig. 3a). The same trend was also observed for the number of epiphytes per
tree (pseudo R2 = 0.95, P < 0.001, Fig. 3b).

Regarding the proportional changes in species richness and the abundance of accidental and obligate
epiphytes with GBH, there was, in part, a significant correlation. For species richness, the proportion of
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accidental epiphytes significantly increased as GBH increased (R2 = 0.50, P < 0.05) and that of obligate
epiphytes decreased (R2 = 0.50, P < 0.05) (Fig. 4a). Regarding abundance, proportional changes were not
significantly correlated with GBH, both in terms of accidental and obligate epiphytes (R2 = -0.1, P = 0.60)
(Fig. 4b).

Relationship between epiphyte type and substrate type
We found that the epiphytes occurred on a variety of substrates (Figs. 5 and 6). Among all epiphyte
individuals investigated, the substrate most commonly used by epiphytes was moss (1,046 ind., 80.4% of
the total), followed by arboreal soil (176 ind., 13.5%) and bark (74 ind., 5.7%) (Fig. 5). At the species level,
38 species were found to establish on arboreal soil, which was c. 78% of the total number of epiphyte
species recorded in this study. Moss was colonized by 22 species (approximately 45%), and 3 species
were found on the bark, accounting for 6%.

The abundances of both accidental and obligate epiphyte assemblages were markedly different among
the substrate types (Kruskal–Wallis test, P < 0.001; Fig. 5). Steel–Dwass multiple comparisons revealed a
significant difference in the abundance of accidental epiphyte assemblages among the three substrate
types (Fig. 5), which were primarily dependent on arboreal soil (58.7% of the total number of accidental
epiphytes), followed by moss (41.3%), and absent on bark. The abundance of obligate epiphytes was the
highest in the moss substrate, and 88% of the total number of obligate epiphytes was found there
(Fig. 5). The number of individuals on moss was significantly different from that on the other two
substrates, bark (established by 6.9% abundance) and arboreal soil (4.2%) (Fig. 5). At the epiphyte
species level, the type of substrate on which each epiphyte species mainly occurred varied depending on
the species (Fig. 6). Although epiphyte species predominantly established in the arboreal soil or moss
were abundant, no species were established mainly on the bark (Fig. 6).

Discussion

Overall epiphyte assemblages on Cercidiphyllum trees
Our results, namely, the epiphyte species composition and the fact that nearly 80% of the species were
accidental epiphytes, were similar to those presented in our previous work, which investigated a large
Cercidiphyllum tree in this forest (Azuma et al. 2022). A higher percentage of accidental epiphytes than
obligate epiphytes among the total epiphyte diversity in a forest has been reported from some temperate
forests in North America and Western and Central Europe; however, this trend is uncommon in tropical
regions(Hoeber and Zotz 2022). Although the mechanisms underlying the high diversity of accidental
epiphytes in temperate forests remain to be elucidated, they may be related to climatic factors such as
temperature, precipitation, or competition between accidental and obligate epiphytes. Nadkarni and
Solano (2002) suggested that terrestrial species germinate after obligate epiphytes die, suggesting
potential competition between them.
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The dominance of certain epiphytic species, such as C. minutum, P. fauriei, D. mariesii, O. nipponica ssp.
nipponica, and Lepisorus annuifrons can be attributed to the specific ecological characteristics that
enable them to thrive in arboreal habitats. Crepidomanes minutum and P. fauriei have poikilohydric
leaves that are drought resistant, which allows these species to withstand periods of water scarcity (Cea
et al., 2014; Zotz, 2016). Additionally, P. fauriei, D. mariesii, O. nipponica ssp. nipponica, and L. annuifrons
possess fleshy rhizomes that may contribute to water storage. Davallia mariesii, in particular, has high
water-use efficiency (Azuma et al., 2022). Moreover, all five species reproduce clonally through their
rhizomes. This strategy allows them to expand their populations and occupy larger areas within arboreal
habitats. Seven out of eleven obligate epiphyte species were belonging to Orchidaceae or Polypodiaceae,
it can be attributed to the possession of CAM photosynthesis that enhances their drought tolerance,
which is advantageous for arboreal environments (Zotz 2016) of these two families. Oxalis nipponica
ssp. nipponica, has been regarded as a terrestrial species. Oxalidaceae has not been recorded as major
epiphyte taxa (Komada et al. 2022; Zotz et al. 2021). In addition, only a few studies have observed
epiphytism in Oxalidaceae (Komada et al. 2020; Nadkarni 1984); therefore, high frequency of epiphytic
occurrence of the species in the present study is intriguing. Although the ecological mechanisms enabling
terrestrial species to grow abundantly on trees are not fully understood, the above-mentioned
characteristics may help to elucidate the frequent epiphytic occurrence of this species and clarify the
evolutionary pathway of epiphytism of terrestrial lineages.

Effects of host tree size on epiphyte assemblage
distribution
As hypothesized, species richness and abundance increased significantly with increasing tree size
(Fig. 3), reflecting global trends (Taylor and Burns 2015; Flores-Palacios and García-Franco 2006; Hattori
et al. 2009; Komada et al. 2022; Wagner and Zotz 2020; Woods et al. 2015). These positive correlations
could be attributed to the large habitat area (Taylor and Burns 2015; Wagner and Zotz 2020; Woods et al.
2015), extended habitat availability (Flores-Palacios and García-Franco 2006), and more complex
architecture (Hietz and Hietz-Seifert 1995; Woods et al. 2015) of large trees compared to small trees. In
addition, because tree height increases with tree size, vertical changes in the habitat within a tree are
expected to be greater for large trees than for small trees. For example, the water content of substrates
(Tatsumi et al. 2021), temperature (Azuma et al. 2022), and light intensity (data not shown) change along
a height gradient within a single tree. Thus, our results may be explained by the greater environmental
variation in large trees than in small trees. In contrast, the smallest Cercidiphyllum trees selected in this
study had no epiphytes, suggesting that they may not yet have reached a size that can provide adequate
habitat, time, and environment for epiphytes.

In line with the second hypothesis, the proportion of accidental epiphyte species significantly increased
as the trees got bigger, replacing the obligate epiphytes (Fig. 4a). This suggests that in this forest,
accidental epiphytes are mainly responsible for the larger trees than obligate epiphytes, and the
accidental epiphytism frequently occurs among numerous terrestrial species within this forest. Our
hypothesis was not supported in terms of the positive relationships between the percentage of number of
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individuals of accidental epiphytes and tree size (Fig. 4b), partly because of the high abundance of
specific obligate epiphytes such as C. minutum, P. fauriei, D. mariesii, and L. annuifrons in large trees
(Table 2, Fig. 2). However, the increase in the number of epiphyte individuals was significant even when
only the data for accidental epiphytes were used in calculations, indicating that large Cercidiphyllum trees
contributed to the high abundance of accidental epiphytes as well as obligate epiphytes. In addition, this
suggests that each of the accidental and obligate epiphytes is differently affected by host tree size in the
temperate forest; that is, the species richness of accidental epiphytes is influenced by tree size more
strongly than that of obligate epiphytes, as the increment in the Shannon–Wiener diversity index (H’)
along with host tree size (Fig. S2) was more pronounced in the accidental epiphytes when the tree GBH
was at its maximum (Fig. S2). Our results suggest that the larger Cercidiphyllum trees in this forest are
the chief contributors to the maintenance of epiphyte diversity.

Epiphytes and substrate type
As predicted, the major substrate types for each epiphyte species differed between the accidental and
obligate epiphyte assemblages (Figs. 5 & 6). Accidental epiphyte species had a stronger preference for
thicker substrates, that is, arboreal soil, than obligate epiphytes, which again agreed with our hypothesis
(Figs. 5 & 6). The greater abundance of epiphytes on substrates with accumulated organic matter, such
as moss and arboreal soil, than on bark was similar to that reported in other studies (Hoeber et al. 2019;
Hoeber and Zotz 2022; Ingram and Nadkarni 1993; Nakanishi et al. 2013; Ter Steege and Cornelissen
1989). The high epiphyte abundance on the accumulation of organic matter is related to the high
capacity of these habitats to retain water and nutrients (Hoeber et al. 2019; Hoeber et al. 2020; Hoeber
and Zotz 2022; Ishii et al. 2018; Sillett 1999). In addition, it has been found that moss-covered substrates
promote the establishment of epiphytes by trapping their diaspores (Ingram and Nadkarni 1993; Mizuno
et al. 2012) and that the water content is higher in thick than in thin substrates (Sillett and Pelt 2007;
Tatsumi et al. 2021).

Studies that have attempted to clarify the differences in substrate types or depths favoring the
establishment of accidental and obligate epiphytes are scarce. However, some scholars have
demonstrated that accidental epiphytes are restricted to habitats where organic matter accumulates
(Hoeber et al. 2019; Ishii et al. 2018), which is congruent with our results. In addition, we showed that
accidental epiphytes were more dependent on arboreal soil than obligate epiphytes (Fig. 5). This can be
attributed to the fact that the water content in thick substrates, i.e., arboreal soil, is higher than in moss-
covered thin arboreal soil (Tatsumi et al. 2021). Moreover, the majority of conspecifics of accidental
epiphytes grow in terrestrial habitats with a lower frequency and degree of drought stress than in the
arboreal habitats that obligate epiphytes generally inhabit, and obligate epiphytes generally have drought-
tolerant traits (as discussed above).

Furthermore, the nutrient levels in arboreal habitats can be similar to (Tatsumi et al. 2021) or even higher
than those of the ground soil (Hoeber and Zotz 2021). Therefore, as Hoeber et al. (2020) suggested, if the
water supply and rooting area are sufficient for growth, arboreal habitats with an accumulation of organic
matter may not limit accidental epiphytism. Our results showed that the increase in diversity of accidental
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epiphytes with host tree size was greater than the diversity increase in obligate epiphytes (Fig. S2). This
might be partly explained by the different degrees of dependence on thickly accumulated organic matter
discussed here because the number of habitats with thick organic matter deposition is greater on large
and old trees than on small and young trees (Hoeber and Zotz 2022; Ishii et al. 2018; Woods et al. 2019).
Additionally, we showed that some species were almost always established on arboreal soil or moss, but
no species were established predominantly on bark (Fig. 6). In addition, although the number of epiphytes
in the arboreal soil and moss significantly increased with tree size, the number of individuals on the bark
was not significantly correlated with tree size (Fig. S3). Considering these results, in our study site,
arboreal habitats without organic matter were harsh environments for both accidental and obligate
epiphyte species, independent of host tree size.

Lianas on host trees may assist the establishment and growth of epiphytes. We found that the obligate
epiphyte P. fauriei was mainly found on substrates with moss, but nearly 30% of the individuals were
found on bare bark (Fig. 6). Furthermore, we found that of these bark-established individuals, 40% were
rooted around areas where the bark surface was appressed by woody stems of Hydrangea spp. (Fig. 1d).
Whether the presence of liana stems assists the establishment or growth of these individuals is unclear
and requires clarification. However, it is plausible that once bare bark is covered by the stems of lianas,
the habitat will improve, promoting the establishment and growth of certain epiphyte species. This
notable phenomenon was also found at our study site in other epiphyte and host tree species (Authors,
pers. obs.). Consequently, lianas may positively affect epiphytes’ establishment and subsequent growth
and can be considered an example of ecosystem engineering or habitat cascading effects. Figure S4
summarizes the vertical distribution of epiphytes and shows the occurrence of lianas.

Suggestions for future studies
Although we found a clear pattern in the effects of tree size and substrate type on the distribution of
accidental and obligate epiphytes, the sample size in this study was small, and a more intensive census
targeting a large number of host-tree individuals is needed for future studies. In addition, the host tree
species affect epiphyte assemblages on a tree and their substrate type differently because different host
species offer different environments, such as tree architecture, physicochemical traits on bark, and
growth rate, and affect the epiphyte species composition (Adhikari et al. 2012; Mehltreter et al. 2005;
Wagner and Zotz 2020; Wolf 1994; Woods et al. 2015; Valencia-Díaz et al. 2013). Thus, a forest stand-
scale census of various sympatric host tree species is needed to detect further characteristic
distributional patterns related to host tree size and substrate types of epiphyte assemblages in the
temperate forests of Japan.

Cercidiphyllum japonicum is characterized by multiple reiterated trunks with basal resprouting (Kubo and
Sakio 2020), resulting in many crotches or large horizontal areas on the basal part of the tree trunk with
organic matters (Fig. S1d). Such habitats are known to be favorable for accidental epiphytes (Azuma et
al. 2022; Hoeber et al. 2019; Ishii et al. 2018). Therefore, the occurrence of many accidental epiphytes in
the lower parts of larger trees in this study (Fig. S4) may be attributed to the characteristic architecture of
this tree species. In addition, we have observed that many individuals of accidental epiphyte species in
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this study site flower and fruit for several years (Authors, unpublished). As suggested in Azuma et al.
(2022), large-sized C. japonicum with characteristic multiple trunk reiterations can be important for future
re-colonization of accidental epiphyte species on the ground because the regeneration of terrestrial
species in this forest has been negatively affected by deer overbrowsing, (Fujii 2010) and long-term
overbrowsing is known to decrease the number of viable seeds in the soil (Tamura 2016). Our findings
contribute to a better understanding and assessment of the impact of large trees on the re-colonization of
ground habitats by accidental epiphyte species, that are their original growth environments. We have
demonstrated that many terrestrial species and individuals can grow epiphytically. Considering the
potential of any terrestrial species to acclimatize an epiphytic lifestyle given the availability of suitable
microhabitats and successful dispersal (Hoeber and Zotz 2022), a comparative analysis of ecological
characteristics related to microhabitats and seed dispersal of accidental epiphytes, their terrestrial
conspecifics, and obligate epiphytes will contribute to the understanding of the limiting factors and
evolutionary trajectory of epiphytism.

Declarations
Acknowledgements

We greatly appreciate the substantial contribution of Dr. Masae Ishihara and Dr. Keisuke Nishida to plant
identification. We also thank members of the Field Science, Education and Research Center (FSERC) of
Kyoto University, for the field survey and logistics. This study was financially supported in part by Expo
’90 Foundation, Kansai Organization for Nature Conservation, Research Grant of the Ashiu Forest
Research Station, Field Science Education and Research Center, Kyoto University, and JSPS no.
22K14919. 

Conflict of interest

None

References
1. Adhikari YP, Fischer HS, Fischer A (2012) Host tree utilization by epiphytic orchids in different land-

use intensities in Kathmandu Valley, Nepal. Plant Ecol 213:1393–1412. doi: 10.1007/S11258-012-
0099-0/TABLES/5

2. Azuma WA, Komada N, Ogawa Y, Ishii H, Nakanishi A, Noguchi Y, Kanzaki M (2022) One large tree
crown can be defined as a local hotspot for plant species diversity in a forest ecosystem: A case
study in temperate old-growth forest. Plant Ecol 223:99–112. doi: 10.1007/s11258-021-01192-8

3. Marcelo Garcés C, Claverol S, Castillo CA, Pinilla CR, Ramírez LB (2014) Desiccation tolerance of
hymenophyllacea filmy ferns is mediated by constitutive and non-inducible cellular mechanisms. CR
Biol 337:235–43. doi: 10.1016/j.crvi.2014.02.002



Page 12/21

4. Díaz IA, Sieving KE, Peña-Foxon M, Armesto JJ (2012) A field experiment links forest structure and
biodiversity: epiphytes enhance canopy invertebrates in chilean forests. Ecosphere 3:art5. doi:
10.1890/es11-00168.1

5. Flores-Palacios A, García-Franco JG (2013) Sampling methods for vascular epiphytes: their
effectiveness in recording species richness and frequency. Selbyana 22:181–91.

6. Flores-Palacios A, García-Franco JG (2006) The relationship between tree size and epiphyte species
richness: testing four different hypotheses. J Biogeogr 33:323–30. doi: 10.1111/j.1365-
2699.2005.01382.x

7. Fujii S (2010) Changes in the understory flora following sika deer browsing with special reference to
flowering stage in makura-dani, ashiu experimental forest. Japanese J Conserv Ecol 15:3–15.

8. Hargis H, Gotsch SG, Porada P, Moore GW, Ferguson B, van Stan JT (2019) Arboreal epiphytes in the
soil-atmosphere interface: how often are the biggest ‘buckets’ in the canopy empty? Geosciences
9:342. doi: 10.3390/GEOSCIENCES9080342

9. Harrison RD, Hamid AA, Kenta T, Lafrankie J, Lee H, Nagamasu H, Nakashizuka T, Palmiotto P (2003)
The diversity of hemi-epiphytic figs (Ficus; moraceae) in a bornean lowland rain forest. Biol J Linn
78:439–55. doi: 10.1046/j.0024-4066.2002.00205.x

10. Peter H, Hietz-Seifert U (1995) Structure and ecology of epiphyte communities of a cloud forest in
central veracruz, mexico. J Veg Sci 6:719–28. doi: 10.2307/3236443

11. Hoeber V, Klinghardt M, Gerhard Z (2020) Drought resistance does not explain epiphytic abundance
of accidental epiphytes. Plant Ecol Divers 13:175–187. doi: 10.1080/17550874.2020.1729888

12. Hoeber V, Weichgrebe T, Zotz G (2019) Accidental epiphytism in the harz mountains, central europe. J
Veg Sci 30:765–75. doi: 10.1111/JVS.12776

13. Hoeber V, Zotz G (2021) Not so stressful after all: epiphytic individuals of accidental epiphytes
experience more favourable abiotic conditions than terrestrial conspecifics. For Ecol Manag
479:118529. doi: 10.1016/J.FORECO.2020.118529

14. Hoeber V, Zotz G (2022) Accidental epiphytes: Ecological insights and evolutionary implications. Ecol
Monogr 92:e1527. doi: 10.1002/ecm.1527.

15. Ingram SW, Nadkarni NM (1993) Composition and distribution of epiphytic organic matter in a
neotropical cloud forest, Costa Rica. Biotropica 25:370–83. doi: 10.2307/2388861

16. Ishii HR, Minamino T, Azuma W, Hotta K, Nakanishi A (2018) Large, retained trees of Cryptomeria
japonica functioned as refugia for canopy woody plants after logging 350 years ago in yakushima,
japan. For Ecol Manag 409:457–67. doi: 10.1016/j.foreco.2017.11.034

17. Johansson D (1974) Ecology of vascular epiphytes in west african rain forest. Acta Phytogeogr Suec
59:1–138.

18. Komada N, Itioka T, Nakanishi A, Tagane S, Shimizu-Kaya U, Nakagawa M, Meleng P, Pungga RAS,
and Kanzaki M (2022) Effects of host tree size on the species richness and abundance of epiphyte
assemblages in a Bornean lowland tropical forest. Tropics 30:53–61. doi: 10.3759/tropics.MS21-12



Page 13/21

19. Komada N, Tagane S, Itioka T, Shimizu-kaya U, Meleng P, Nakanishi A, Pungga RS, Kanzaki M (2022)
Characteristics of vascular epiphyte flora in a bornean lowland tropical forest: comparison of species
diversity among 11 sites over three biogeographic regions. Selbyana 33: 63–71.

20. Kubo M, Sakio H (2020) Cercidiphyllum Japonicum. In: Sakio H (ed) Long-term ecosystem changes
in Riparian forests. Springer, Singapore, pp 55–82.

21. McFadden D (1974) The measurement of urban travel demand. J Public Econ 3(4):303–28.

22. Mehltreter K, Flores-Palacios A, García-Franco JG (2005) Host preferences of low-trunk vascular
epiphytes in a cloud forest of Veracruz, Mexico. J Trop Ecol 21:651–60. doi:
10.1017/S0266467405002683

23. Mizuno T, Takezaki H, Momohara A, Okitsu S (2012) Effect of bryophyte communities on the
establishment of young sporophytes of Crypsinus hastatus (Thunb.) Copel. Vegetation
science29:105–109.

24. Nadkarni NM, Matelson TJ (1989) Bird use of epiphyte resources in neotropical trees. Condor
91:891–907. doi: 10.2307/1368074

25. Nadkarni, NM, Schaefer D, Matelson TJ, Solano R (2004) Biomass and nutrient pools of canopy and
terrestrial components in a primary and a secondary montane Cloud Forest, Costa Rica. For Ecol
Manag 198:223–36. doi: 10.1016/j.foreco.2004.04.011

26. Nadkarni NM, Solano R (2002) Potential effects of climate change on canopy communities in a
tropical cloud forest: an experimental approach. Oecologia 131:580–86. doi: 10.1007/S00442-002-
0899-3

27. Nakanishi A, Sungpalee W, Sri-ngernyuang K, Kanzaki M (2013) Determination of epiphyte biomass
composition and distribution with a three-dimensional mapping method in a tropical montane forest
in northern Thailand. Tropics 22:27–37. doi: 10.3759/TROPICS.22.27

28. Nieder J, Engwald S, Klawun M, Barthlott W (2000) Spatial Distribution of vascular epiphytes
(including hemiepiphytes) in a lowland Amazonian rain forest (Surumoni Crane Plot) of southern
Venezuela. Biotropica 32:385–96. doi: 10.1111/j.1744-7429.2000.tb00485.x

29. R Core Team (2021) R: A language and environment for statistical computing.

30. Scheffers BR, Phillips BL, Shoo LP (2014) Asplenium bird’s nest ferns in rainforest canopies are
climate-contingent refuges for frogs. GECCO 2:37–46. doi: 10.1016/J.GECCO.2014.06.004

31. Shannon CE (1948) A mathematical theory of communication. BSTJ 27:379–423. doi:
10.1002/J.1538-7305.1948.TB01338.X

32. Sillett SC, Pelt RV (2007) Trunk reiteration promotes epiphytes and water storage in an old-growth
redwood forest canopy. Ecol Monogr 77:335–59. https://doi.org/10.1890/06-0994.1

33. Sillett SC (1999) Tree crown structure and vascular epiphyte distribution in Sequoia sempervirens
rain forest canopies. Selbyana 20:76–97.

34. Ter Steege H, Cornelissen JHC (1989) Distribution and ecology of vascular epiphytes in lowland rain
forest of guyana. Biotropica 21:331–39. doi: 10.2307/2388283



Page 14/21

35. Tamura A (2016) Potential of soil seed banks in the ecological restoration of overgrazed floor
vegetation in a cool-temperate old-growth damp forest in eastern japan. J For Res 21:43–56. doi:
10.1007/S10310-015-0509-Y/TABLES/6

36. Tatsumi C, Azuma WA, Ogawa Y, Komada N (2021) Nitrogen availability and microbial communities
of canopy soils in a large Cercidiphyllum japonicum tree of a cool-temperate old growth forest.
Microb Ecol 82:919–31. doi: 10.1007/s00248-021-01707-w

37. Taylor A, Burns K (2015) Epiphyte community development throughout tree ontogeny: an island
ontogeny framework. J Veg Sci 26(5):902–10. doi: 10.1111/jvs.12289

38. Taylor A, Zotz G, Weigelt P, Cai L, Karger DN, König C, Kreft H (2022) Vascular epiphytes contribute
disproportionately to global centres of plant diversity. Glob Ecol and Biogeogr 31: 62–74. doi:
doi.org/10.1111/geb.13411

39. Valencia-Díaz S, Flores-Palacios A, Rodríguez-López V, Jiménez-Aparicio AR (2013) inhibitory effects
of bark chemicals of host Ipomoea murucoides on seed germination of epiphyte Tillandsia
Recurvata. Allelopathy J 32:91–100.

40. Wagner K, Zotz G (2020) Including dynamics in the equation: tree growth rates and host specificity of
vascular epiphytes. J Ecol 108:761–73. doi: 10.1111/1365-2745.13333

41. Wolf JHD (1994) Factors controlling the distribution of vascular and non-vascular epiphytes in the
northern Andes. Vegetatio 112:15–28. doi: 10.1007/BF00045096

42. Woods CL, Cardelús CL, de Walt SJ (2015) Microhabitat associations of vascular epiphytes in a wet
tropical forest canopy. J Ecol 103:421–30. doi: 10.1111/1365-2745.12357

43. Woods CL, Nevins LM, and Didier EJ (2019) Structural heterogeneity of trees influences epiphyte
distributions in a northern temperate rainforest. J Veg Sci 30:1134–42. doi: 10.1111/JVS.12797

44. Yamanaka N, Matsumoto A, Oshima Y, Kawanabe S (1993) stand structure of Mondori-Dani
watershed, Kyoto University Forest in Ashiu (Kyoto, Japan). Bulletin of the Kyoto University Forests
65:63–76.

45. Zotz G (2016) Plants on Plants-The Biology of Vascular Epiphytes. Springer, Basel.

46. Zotz G (2005) Vascular epiphytes in the temperate zones – a review. Plant Ecol 176:173–83. doi:
10.1007/s11258-004-0066-5

47. Zotz G, Weigelt P, Kessler M, Kreft H, Taylor A (2021) EpiList 1.0: a global checklist of vascular
epiphytes. Ecology 102: e03326. https://doi.org/10.1002/ecy.3326.

Tables
Tables 1-2 is available in the Supplementary Files section.

Figures



Page 15/21

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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