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Ecological networks are commonly applied to depict general patterns of biotic
interactions, which provide tools to understand the mechanism of community assembly.
Commensal interactions between epiphytes and their hosts are a major component of
species interactions in forest canopies; however, few studies have investigated species
assemblage patterns and network structures of epiphyte–host interactions, particularly
non-vascular epiphytes in different types of forest. To analyze the characteristics of
network structures between epiphytes and their hosts, composition and distribution
of epiphytic bryophytes were investigated from 138 host individuals using canopy
cranes in a tropical lowland seasonal rain forest (TRF) and a subtropical montane
moist evergreen broad-leaved forest (STF), in Southwest China. We structured binary
networks between epiphytic bryophytes and their hosts in these two forests, which
presented 329 interactions in the TRF and 545 interactions in the STF. Compared to
TRF, the bryophyte–host plant networks were more nested but less modular in the
STF. However, both forests generally exhibited a significantly nested structure with low
levels of specialization and modularity. The relatively high nestedness may stabilize
the ecological networks between epiphytic bryophytes and their hosts. Nevertheless,
the low modularity in epiphyte–host networks could be attributed to the lack of co-
evolutionary processes, and the low degree of specialization suggests that epiphytes are
less likely to colonize specific host species. Vertical distribution of the bryophyte species
showed structured modules in the tree basal and crown zones, probably attributing
to the adaptation to microclimates within a host individual. This study highlights the
nested structure of commensal interaction between epiphytic bryophytes and host
trees, and provides a scientific basis to identify key host tree species for conservation
and management of biodiversity in forest ecosystems.
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INTRODUCTION

Human disturbance and climate change induce a severe
biodiversity crisis, which not only directly leads to species
extinction, but also indirectly causes community collapse as
species co-extinction through interspecific interactions. Hence,
biotic interactions remain a core theme to understand the general
mechanisms of community assembly and disassembly in order
to scientifically guide biodiversity conservation and restoration
(Taylor et al., 2016; Naranjo et al., 2019).

Ecological networks provide a powerful tool to elucidate
complex interspecific interactions in different types of
communities (Borrett et al., 2014; Landi et al., 2018). There
is a long tradition of describing ecological networks in bipartite
models which generate simple binary interaction matrices
(Blick and Burns, 2009; Gruber et al., 2009; Arthur, 2020).
In addition to depicting the interactions among species,
quantitative descriptions of network properties are possible to
explore the process of colonization during successions (Fontaine
et al., 2011; Peralta, 2016) and to predict community stability
under disturbance in the future (Vizentin-Bugoni et al., 2019;
Baumgartner, 2020). Many empirical studies have uncovered
different network patterns, such as resource–consumer networks
(Welti and Joern, 2015; Costa et al., 2021), plant–pollinator
networks, plant–seed disperser networks (Veron et al., 2018;
Stein et al., 2021), as well as commensal networks in the last
decade (Sayago et al., 2013; Francisco et al., 2018). However,
the ecological processes and underlying causes that drive the
network structure are still under debate (Bluethgen, 2010;
Calatayud et al., 2017; Landi et al., 2018; Pinheiro et al., 2019).
Much effort is required to understand general structures of
interaction networks and to clarify the underlying mechanisms
that mediate ecological networks.

Epiphytes constitute a large part of the global plant
biodiversity and provide a unique component in forest
ecosystems (Nieder et al., 2001; Song et al., 2015b; Toivonen
et al., 2017). Since the survival and growth of epiphytes mainly
depend on their host plants, studies on the patterns and
mechanisms of commensal interactions between epiphytes and
host trees are essential to understand the diversity of epiphytic
communities. So far, some patterns of epiphyte–host interaction
networks have been reported in different forest ecosystems
such as a nested structure, low connectance, low degree of
specialization, and low modularity (Francisco et al., 2019;
Naranjo et al., 2019; Fontúrbel et al., 2021). The mechanisms
behind network patterns of epiphyte species and their host
plants are poorly understood, although non-random processes
seem to be recognized in shaping the structure of epiphyte
networks (Fontúrbel et al., 2021). Furthermore, epiphyte–
host network studies are often restricted to communities
in a single forest type (e.g., boreal forest, temperate forest,
subtropical or tropical forest) and/or in specific vascular epiphyte
groups (e.g., orchids) (Zhao et al., 2015; Ceballos et al., 2016;
Francisco et al., 2018, 2019). Although the database EpIG-
DB has integrated existing data on epiphyte assemblages at
the continental scale (Mendieta-Leiva et al., 2020), we are

still in the process of establishing general knowledge about
the epiphyte–host networks among all epiphyte groups in
different forest types.

Epiphytes attached to host trees are more sensitive to
changes in humidity, light and temperature in different
habitat environments (Coyle, 2017). On the one hand, climate
differences at a regional scale act as environmental filters to
constraint epiphyte community assembly. For example, the
typical elevational changes in epiphyte species composition were
found to be explained by humidity gradients, as species richness
showed mid-elevational peaks which corresponded to humidity
gradients (Song et al., 2015a; Quiel and Zotz, 2021). A study
from the temperate oceanic climate zone of Western Europe
revealed that annual rainfall and average temperature gradients
are responsible for the frequency and abundance of epiphytes
(Klinghardt and Zotz, 2021). On the other hand, host attributes
such as bark texture (Zarate-Garcia et al., 2020), tree size
(Francisco et al., 2018) and species richness (Calatayud et al.,
2017) are the important factors which may affect the biodiversity
of epiphyte community in forest stands.

Additionally, microclimatic gradients on individual host trees
provide a range of different conditions for epiphyte assembly
from the tree base to upper canopy (de Oliveira and de
Oliveira, 2016). It has been reported that more bryophyte
species occurred in the tree crowns than the trunks and
base zones in subtropical forests and tropical forests (Shen
et al., 2018). Humidity, temperature and light incidence are
the main microclimate factors determining growth and survival
of epiphytes at different vertical zones that contribute to the
variation in species composition and development of epiphyte
species in forests (Padilha et al., 2017). Although numerous
studies suggested that the epiphyte species distribute along
vertical microclimatic gradients on host individuals (Zotz,
2007; Li et al., 2015), epiphyte–host network structures along
different vertical zones have rarely been studied (but see
Francisco et al., 2019).

Here, we investigated epiphytic bryophytes and their hosts
using the canopy cranes in the tropical and the subtropical
forests in Yunnan, Southwest China. The preceding study
by Shen et al. (2018) investigated the vertical composition
and distributions of epiphytic bryophytes in the same study
sites, but our study re-analyzed the data by constructing
commensal networks of bryophyte–host interactions and
quantified network properties using six network metrics.
In this study, we aim to (a) characterize the structures
of the epiphytic bryophyte–host networks, (b) assess the
roles of forest types, host traits, and vertical zonation in
structuring the bryophyte–host networks. Based on previous
knowledge, we hypothesize that networks present a nested
structure with low level of modularity, and bryophyte species
attached on the base and crown zones are grouped into
different modules. We also hypothesize that occurrence
of higher bryophyte diversity is more likely in the humid
subtropical forest than in the monsoonal tropical forest; and
the host size and abundance are two main drivers of epiphytic
community structure.
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MATERIALS AND METHODS

Study Area
This study was conducted at the two canopy crane sites located
in the southwest of China. While these two sites are only
330 km apart, the climate and the forest canopy composition
are different (Shen et al., 2018). One site is situated in the
tropical lowland seasonal rain forest (hereafter referred to as
TRF) of Bubeng within Xishuangbanna National Nature Reserve
(101◦35′E, 21◦37′N), at an elevation of around 700 m a.s.l. Mean
annual temperature and mean annual precipitation of this region
are 21.0◦C and 1,532 mm, respectively. The vegetation in the
TRF is dominated by Parashorea chinensis (Lan et al., 2012).
The other site is the subtropical montane moist evergreen broad-
leaved forest (hereafter referred to as STF) of Xujiaba within Ailao
Mountain National Nature Reserve (101◦01′E, 24◦32′N), at an
elevation of around 2,420 m a.s.l. Mean annual temperature is
11.6◦C, and mean annual precipitation is 1,859 mm (Song et al.,
2015b). The vegetation in the STF is dominated by Castanopsis
rufescens (Shen et al., 2018). In both sites, rainy season occurs
from May to October, and dry season between December and
April (Li et al., 2011).

Data Collection
At each site, the canopy crane is established in the primary forest,
covering an area of approximately 1 ha. Within this area, we
conducted fieldwork during the dry season from October 2016
to April 2017. Both forests can be vertically divided into three
tree layers: a canopy layer of trees (> 30 m in the TRF; > 25
m in the STF), a subcanopy layer (16–30 m in the TRF; 16–25
m in the STF) and an understory layer (6–16 m in both TRF
and STF). A total of 69 target trees, with a diameter at breast
height (DBH) greater than 3 cm, were selected randomly in each
forest until we obtain a total of 14 tree species. We recorded
host tree characteristics such as species identity, height, and
DBH (Supplementary Tables 1, 2). Considering micro-climatic
variations along the vertical gradient on the host trees, epiphytic
bryophytes were sampled from several vertical zones set for each
tree according to its height: we subdivided the height of the trees
into six vertical zones (Z1-6) for canopy trees and four vertical
zones (Z1-4) for sub-canopy and understory trees. Samples were
taken using frame quadrats (20 cm × 20 cm for large branches,
80 cm× 5 cm for small branches) and taking an estimated total of
400 cm2 of twigs in each vertical zone of the host tree by a ladder
and canopy sampling techniques such as a telescopic tool and the
canopy crane. Owing to the differences in tree size, the number of
quadrat repeats varied from 4 to 6; hence, the total area sampled
per vertical segment of each host tree ranged from 1,600 to
2,400 cm2. Detailed investigation methods are described in Shen
et al. (2018).

Network Metrics
As most epiphytic bryophytes are spore plants with asexual
reproduction that restricted us to count the number of
individuals, we recorded the presence and absence of epiphytic
bryophyte species in binary matrices. To describe the interaction

between epiphytic bryophytes (in rows) and host trees (in
columns), we constructed the bipartite matrices, in which the
cell with the number 0 or 1, respectively, represents absence
or presence of epiphytic bryophyte species as observed on each
host tree species. Based on the matrix data, we developed
a bipartite graph whose nodes represent bryophyte species
(top) and tree species (bottom) (Guimera et al., 2007). Links
represent observed interactions when at least one individual of
an epiphyte species was found on at least one individual of a
host tree species (Gruber et al., 2009; Burns and Zotz, 2010).
Similarly, to test the modularity structure across the vertical
zones, the frequency-weighted matrices were constructed using
the occurrence of bryophyte species (in rows) across vertical
zones (in columns).

Network statistics were used to describe the structure of the
epiphytic bryophyte–host networks. The following metrics were
chosen: vulnerability, generality, connectance (C), nestedness
(NODF), and modularity (Q). Vulnerability and generality
represent the average number of species that forms links with
another group. Connectance (C) measures network complexity
(Heleno et al., 2012), corresponding to the number of actual
links in relation to the number of theoretically possible links
with the value varying from 0 (without interaction) to 1 (all
species linked to each other) (Dunne et al., 2002). Nestedness was
examined by NODF (the nestedness metric based on overlap and
decreasing fill), which varies from 0 (when there is no nesting) to
100 (indicating maximum nesting) (Almeida-Neto et al., 2008).
Modularity was analyzed with the Q index, ranging from 0, where
the community has no more links within modules than expected
by chance, to a maximum value of 1 (Barber, 2007; Arthur, 2020).
Modularity was further analyzed using standardized, within-
module connectivity (z) and among-module connectivity (c)
coefficients proposed by Guimera et al. (2005). These values are
calculated for each species to represent how well the species
is connected to others within (z) and outside (c) its modular
networks. According to the threshold values of z (2.5) and c
(0.62) for binary networks, species were divided into four roles:
peripheral species (z ≤ 2.5 and c ≤ 0.62); connectors (z ≤ 2.5
and c > 0.62); module hubs (z > 2.5 and c < 0.62); and network
hubs (z > 2.5 and c > 0.62) (Olesen et al., 2007). Peripherals
tend to form a few interactions within a module and rarely any
to other modules, in contrast, connectors play an important role
in network coherence by connecting modules together. Module
hubs play the role of hubs with many links, most of which
are in their own modules, whereas network hubs play the roles
of connectors and module hubs simultaneously (Dormann and
Strauss, 2014; Ines Borthagaray et al., 2018).

Data Analysis
Species accumulation curves were plotted by Shen et al. (2018) to
evaluate sampling completeness, showing that curves approached
their asymptotes. We generated histograms that showed the
proportion of epiphytic bryophyte species attached to the given
number of host tree species.

Using simple linear models, we checked whether the increase
in the number of individuals of each host species was positively
related to the bryophyte species richness. We then analyzed
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whether the bryophyte species richness on individual trees vary
with tree size, as we predicted that the species richness would
increase with tree height and DBH.

The statistical significance of observed network metrics was
tested using the null model that generated 1,000 random
networks in which the number of nodes and interactions
are given by the observed networks (Barber, 2007). Data
analyses were performed using software R version 4.0.2.
All network statistics were calculated and visualized with
the “bipartite” package (Gruber et al., 2009) except for the
modularity metrics which were analyzed by the “igraph” package
(Csardi and Nepisz, 2006).

RESULTS

In total, we recorded 85 and 100 epiphytic bryophyte species in
the TRF and STF, respectively (Supplementary Tables 3, 4). The
number of interaction links was lower in the TRF (329 links) than
STF (545) (Figure 1). The largest number of bryophyte species
was recorded on Parashorea chinensis (61 species) in the TRF, and

Castanopsis rufescens (70) in the STF. Plagiochila parvifolia was
the only bryophyte species recorded on all host species in the TRF,
whereas five species, Plagiochila assamica, Porella oblongifolia,
Wijkia deflexifoia, Sinskea phaea, and Herbertus aduncus, were
attached to all host tree species in the STF. Similar proportions
of bryophyte species (25% in the TRF and 21% in the STF) were
recorded on only one tree species in both forests (Figure 2).

Species interaction networks in both TRF and STF showed low
levels of connectance and low levels of specialization (Table 1). In
the TRF, epiphytic bryophytes interacted, on average, with 6.70
host tree species (representing the degree of generality), and host
tree species interacted with 29.10 epiphyte species (vulnerability).
In the STF, the value of generality and vulnerability were 9.07
and 43.21, respectively. The networks in the TRF and STF
displayed significantly nested structure (Table 1) and presented
low modularity with six modules in the TRF (Q = 0.030,
P < 0.001, Table 1) and also six modules in the STF (Q = 0.003,
P < 0.001) (Figure 3). Surprisingly, the values of all other metrics,
except for modularity (Q), were higher in the STF than in the
TRF (Table 1). Across the vertical zones of host trees, epiphytic
bryophytes formed four modules in the TRF and three modules

FIGURE 1 | The bipartite epiphytic bryophyte–host tree networks of the (A) tropical lowland seasonal rain forest (TRF) and (B) subtropical montane moist evergreen
broad-leaved forest (STF). For each network, epiphytic bryophytes are displayed as rectangles at the top, and the host trees are shown as rectangles at the bottom
of each bipartite graph. The width of the rectangles represents the number of links for each species. Black links indicate observed interactions between epiphytic
bryophytes and hosts. The label added to each rectangle refers to the species codes of epiphytic bryophytes and trees. The names of species and corresponding
species codes are provided in Supplementary Tables 1–4.
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FIGURE 2 | Probability distribution structure of epiphytic bryophyte species
attached to tree species in the (A) tropical lowland seasonal rain forest (TRF)
and (B) subtropical montane moist evergreen broad-leaved forest (STF). The
X-axis presents the number of tree species to which a bryophyte species
attaches; the Y-axis presents the proportion of bryophyte species that can
attach to given number of tree species.

in the STF (Figure 4). In both forests, bryophyte species typically
attached on the base and crown of hosts were grouped into
different modules.

In the TRF, c-values ranged between 0 and 0.71 (with 13 of
85 bryophytes and 2 of 14 tree species exceeding the threshold
of 0.62), and z-values range between −1.67 and 2.12 (no species
exceeding the value of 2.5). In the STF, c-values range between
0 and 0.78 (with 41 of 100 bryophytes and 9 of 14 tree
species exceeding the threshold of 0.62), and z-values range
between −2.33 and 1.61 (no species exceeding the value of 2.5).
Both networks in this study represented the lack of species
representing module and network hubs (z > 2.5). Five tree
species (Elaeocarpus japonicus, Vaccinium duclouxii, Castanopsis
rufescens, Machilus bombycine, and Illicium macranthum) in the

TABLE 1 | Species-level and network-level indices in the subtropical montane
moist evergreen broad-leaved forest (STF) and tropical lowland seasonal
rain forest (TRF).

Index TRF STF

Species level

Tree species 14 14

Tree individual 69 69

Bryophyte species 85 100

Link 329 545

Network level

Connectance (C) 0.277 (P < 0.001) 0.389 (P < 0.001)

Generality
(Ave. host species per bryophyte
species)

6.720 (P < 0.001) 8.692 (P < 0.001)

Vulnerability
(Ave. bryophyte species per host
species)

28.812 (P < 0.001) 44.244 (P < 0.001)

Nestedness (NODF ) 49.874 (P < 0.001) 65.171 (P < 0.001)

Modularity (Q) 0.0303 (P < 0.001) 0.0028 (P < 0.001)

Number of modules 6 6

Values in brackets are the P-values derived from the null model approach.

STF can be considered as peripheral species, while Pseuduvaria
indochinensis and Drypetes hoaensis are the connector species in
the TRF (Figure 5).

The number of interacting bryophyte species significantly
increased with increasing number of recorded individuals per
host tree species. The slope of the fitted linear model was higher
in the STF than TRF (4.489 in the STF and 2.212 in the TRF)
(Figure 6). Similarly, the number of epiphyte species increased
significantly with tree height and DBH with higher slopes in the
STF than TRF (Figure 7).

DISCUSSION

Common Characteristics of
Bryophyte-Host Networks
Both bryophyte–host interaction networks in two forests
exhibited nested structures with low modularity. Although the
observed structures are a common pattern for commensal
interaction (Naranjo et al., 2019), we acknowledge that relatively
small sample sizes collected within the reach of canopy cranes
may cause sampling bias and phylogenetic effects on estimates
of host specificity, possibly representing incomplete forest
community structures (Novotny et al., 2002).

Our study showed that more bryophyte species interacted
with two or more tree species (generalists), while the smaller
proportions of bryophyte species (25% in the TRF and 21%
in the STF) interacted with a specific tree species (specialists).
A possible explanation is that epiphytic bryophytes are generally
pioneer species representing wide niche and great adaptability,
colonizing the tree surface at early stages of tree growth
to provide suitable substrates (Burns, 2007), while a few
specialists subsequently colonize and thrive under specific
conditions. Specificity is expected to be weaker in commensal
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FIGURE 3 | Interaction matrices featuring modules (red boxes) of bryophyte–host tree networks in the (A) tropical lowland seasonal rain forest (TRF) and (B)
subtropical montane moist evergreen broad-leaved forest (STF). Species are sorted according to their modular affinity, showing tree species as rows and bryophyte
species as columns. Each blue square indicates the presence of an interaction between bryophyte and their host species. Red boxes delineate the six modules in
TRF (A) and in STF (B).

FIGURE 4 | Interaction matrices featuring modules (red boxes) of epiphytic bryophytes according to affinity with the vertical zones of the host trees. Tree vertical
zones are shown as rows and bryophyte species as columns. Square cells in the darker blue color indicate more frequent interactions. (A) Four modules are detected
in the tropical lowland seasonal rain forest (TRF), whereas (B) three modules are detected in the subtropical montane moist evergreen broad-leaved forest (STF).

interactions than other types of interactions (Bluthgen et al.,
2006). The low level of specialization in epiphytic network
structure may be related to the weak selection effects on
epiphyte colonization by the host species (Silva et al., 2010)

and low coevolution intensities in epiphyte bryophyte–host
interactions (Fontaine et al., 2011). However, networks between
epiphytes and hosts are not a simple random distribution of
individuals, and epiphytes generally present their preferences

Frontiers in Forests and Global Change | www.frontiersin.org 6 November 2021 | Volume 4 | Article 716278

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


ffgc-04-716278 November 17, 2021 Time: 14:48 # 7

Hu et al. Epiphytic Bryophyte-Host Network

FIGURE 5 | Roles of the epiphytic bryophyte species (left) and host tree species (right) in the modular and the entire network structures in the tropical lowland
seasonal rain forest (TRF) (top) and subtropical montane moist evergreen broad-leaved forest (STF) (bottom). The coefficients z and c refer to among-module
connectivity and within-module degree, respectively. Dashed lines represent threshold values for c (0.62) and z (2.5), indicating the topographical space of network
hubs (top right-hand rectangle, high z- and c-values), module hubs (top left-hand rectangle, high z- and low c-values), connectors (bottom right-hand rectangle, low
z- and high c-values) and peripheral species (bottom left-hand rectangle, low z- and c-values).

for particular host traits and microclimatic conditions rather
than for host species identifies per se (Wagner et al., 2015;
Taylor et al., 2016).

Our epiphytic bryophyte–host networks showed a nested
pattern, which is in line with the majority of other epiphyte–
host networks (Naranjo et al., 2019; Olivia Cortes-Anzures et al.,
2020; Fontúrbel et al., 2021). For ecological networks, nested
structure indicates that specialists tend to interact with an
appropriate subset of species that interact with more generalists.
High nestedness may also play an important role in stabilizing the

ecological networks between epiphytic bryophytes and their hosts
(Piazzon et al., 2011; Song et al., 2017); however, this mechanism
is still speculative and needs to be further investigated. One
possible hypothesis is that the abundance of species may be one
of the factors contributing to the formation of nested structure.
The dominant tree species with high abundance were the
generalists, which support the most epiphytic bryophyte species,
including generalists and specialists. Under the nested structure,
the large-scale species loss of epiphytic community requires the
reduction of dominant tree species, while the abundance of
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FIGURE 6 | Abundance of the 14 host plant species plotted against the
number of interactions with epiphytic bryophyte species. Black solid circles
represent those in the tropical lowland seasonal rain forest (TRF) and blue
solid triangles represent the tree species in the subtropical montane moist
evergreen broad-leaved forest (STF). The solid line is the best fit linear
regression: the black line in TRF (slope = 2.21, R2 = 0.84, P < 0.001); and the
blue line in STF (slope = 4.49, R2 = 0.82, P < 0.001).

dominant species is quite stable, which ensures the stability of
epiphytic community.

Unlike other ecological networks, there are low levels of
modularity (Q) in both TRF and STF, which may reflect the
existence of lower niche partitioning caused by low host or
microhabitat preferences by epiphytes. Networks were divided
into modules as species within modules interact more frequently
with each other (Guimera et al., 2007; Francisco et al.,
2019). Some studies argued that species within modules may
have adapted to the same habitat conditions and have close
phylogenetic relationships (Olesen et al., 2007; Watts et al., 2016).
At species level, both TRF and STF lacked network hubs: we
found 9 host tree connectors in the STF, while only Pseuduvaria
indochinensis and Drypetes hoaensis were the connector species
in the TRF. Similar results have been reported on pollination
networks and seed dispersal networks that most species act
as peripherals and few species act as module and network
hubs (Olesen et al., 2007; Vizentin-Bugoni et al., 2021). Our
study suggests that, although highly nested interactions provide
more stable networks, the loss of highly connected species (i.e.,
connectors in this study) may cause altered network structures.

Factors Structuring the Bryophyte–Host
Networks
We recorded more bryophyte species and links in the STF
than in the TRF, despite having collected the same number of
host species and individuals in both forests. Furthermore, the
metrics of network properties in the STF were higher than those
in the TRF, except for modularity. High level of connectivity,
vulnerability and generality indicate the complexity of network
structure, while nested structure with low level of modularity
is correlated with the stability of network. These results may

FIGURE 7 | Linear relationship of tree height (A) and DBH (B) with the
number of bryophyte species found on individual host trees. Black circles and
blue triangles are from the tropical lowland seasonal rain forest (TRF) and
subtropical montane moist evergreen broad-leaved forest (STF), respectively.
The solid lines indicate the overall trends of linear regression: black lines in
TRF [(A) slope = 0.15, R2 = 0.47, P < 0.001; (B) slope = 0.08, R2 = 0.45,
P < 0.001] and blue lines in STF [(A) slope = 0.79, R2 = 0.40, P < 0.001; (B)
slope = 0.14, R2 = 0.48, P < 0.001].

reflect more complex and stable structure of epiphytic bryophyte
community in the STF. Relatively high epiphyte richness and
network complexity in the STF may be attributable to the hump-
shaped pattern of tree bole bryophyte species richness with
increasing altitude in the same area, where our STF site is located
in the middle of the elevational transect (Song et al., 2015a).
Climatic differences between two sites may be strong drivers of
epiphyte community assembly (Saiz et al., 2020). Despite higher
annual temperature in the tropical forest than in subtropical
forest, relatively lower rainfall in the TRF may have acted as
an indispensable factor limiting epiphytic bryophyte abundance.
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On the other hand, the difference in the structure of epiphyte
communities might be explained, at least partially, by the host
tree identify (and the substrate and microclimate conditions they
provide) at different sites (Patino and Gonzalez-Mancebo, 2011).
According to previous study, even in the same type of forests
(but with different dominant tree species), network properties
varied widely among study sites (Taylor et al., 2016). In our study,
the dominant species in the TRF (Parashorea chinensis) and STF
(Castanopsis rufescens) belong to different taxonomic groups,
which may have resulted in the difference in microhabitats they
provide for epiphytes.

It has been repeatedly confirmed that epiphyte–host
interactions correlate well with host size, because large tree
size provides more surface areas, various microhabitats, and
longer exposure time for the colonization of epiphytes (Agglael
Vergara-Torres et al., 2010; Sayago et al., 2013; Zotarelli et al.,
2019). For example, in a tropical montane forest, DBH alone
explained 6% of the epiphyte community variation (Zhao et al.,
2015), and a study conducted in two tropical dry forests found
a positive relationship between epiphyte richness and host tree
size (i.e., height and DBH) (Siaz-Torres et al., 2021). Some
researchers treated the host tree individuals as isolated islands,
and the epiphyte diversity is predicted by the theory of island
biogeography which depicts that larger hosts are able to support
a larger number of epiphytic species (Spruch et al., 2019). In
addition to size, host abundance could influence the plant–host
network through the neutral allocation of species interactions,
as proposed by Calatayud et al. (2017). In our study, Parashorea
chinensis and Castanopsis rufescens were the most common
species among sampled trees. These tree species may provide
greater opportunities for colonization by epiphytic bryophyte,
which may have resulted in the majority of interactions in the
networks. A study of a Mexican oak forest, in contrast, revealed
that interaction intensities were not determined by their host
abundance (Olivia Cortes-Anzures et al., 2020). The inconsistent
result may suggest that the interaction patterns are attributable
to the combination of neutral and niche processes.

We observed similar module patterns in the vertical
distributions of bryophyte–host interactions in the two forests.
Bryophyte species attached on the base zones (Z1, Z2) were
grouped into one module, while those recorded on crown zones
(Z4, Z5, Z6) were grouped into another. Our results support
the findings of Francisco et al. (2019), who subdivided the
epiphyte–host networks in a tropical cloud forest into three
modules among the hosts’ vertical zones. The clumped epiphyte
distributions along vertical zones may be related to the adaptation
to microclimates within a host with increasing light intensity,
wind speed, and air temperature and declining air humidity
along the entire vertical gradient from the tree base to canopy
(Krömer et al., 2007; Shen et al., 2018). We found that epiphytic
bryophyte species such as Taxiphyllum taxirameum in the TRF
and Thuidium cymbifolium in the STF commonly occurred on
the base of host individuals, and these species may prefer shade
and high humidity habitat. In contrast, Frullania fuscovirens in
the TRF and Frullania chenii in the STF attached on the crown
zones are adapted to intense radiation and drought stress in the
forest canopy. These findings carry conservation implications for

the potential impacts of climate change on epiphytic bryophyte
distributions, as the changes in microclimatic conditions due to
anthropogenic warming may results in the shift in their vertical
distributions or in local extinctions (Pardow and Lakatos, 2013;
Zanatta et al., 2020).

CONCLUSION

Our study shows that the STF supports a higher diversity of
epiphytic bryophytes and more complex structures of bryophyte–
host networks in comparison to the TRF in southwest China.
Despite that the TRF and STF represent different biomes, both
sites showed some common patterns in epiphyte–host networks.
In both sites, size and abundance are two attributes affecting
the structure of epiphytic communities and tree vertical zones
were closely related to their network modules. In light of our
study, forest management and conservation in these areas should
focus on Castanopsis rufescens, Pseuduvaria indochinensis, and
Drypetes hoaensis in the STF and Parashorea chinensis in the
TRF that contribute greatly to epiphytic bryophyte diversity
and community stability as network connectors. Once these
key species are lost, the network structure may break apart or
cause a sharp decline of the biodiversity in the forest canopies.
Some bryophyte species (such as Taxiphyllum taxirameum and
Frullania fuscovirens in the TRF; Thuidium cymbifolium and
Frullania chenii in the STF) were only recorded on specific
vertical zones, and these species may be sensitive to environment
changes and used as bioindicators.
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