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Abstract

:

Epiphytic bryophytes are important components of forest ecosystems and play important roles in maintaining biodiversity and ecosystem function. However, the main factors driving epiphytic bryophyte diversity remain unclear. We collected the tree epiphytic bryophytes from a one-hectare plot within a temperate deciduous broadleaf forest (China). Canonical correspondence analyses and Mantel tests were used to establish linear regression models and thus dissect the effects of environmental variables (topography, light and bark physicochemical properties) on the species diversity, functional diversity, and phylogenetic diversity of epiphytic bryophytes. The relationship between environmental variables and epiphytic bryophyte diversity was analyzed using piecewise structural equation modeling. Results showed that the physicochemical properties of the bark directly influenced the species diversity and phylogenetic diversity of the epiphytic bryophytes. The physical and chemical properties of bark also indirectly affected the functional diversity of the epiphytic bryophytes. Elucidation of the factors driving epiphytic bryophyte diversity provides insights into their conservation.
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1. Introduction


Bryophytes (mosses, liverworts, and hornworts) are extensively distributed throughout the world, except in deserts and arid areas. They are the earliest land plants, with 480 million years of evolution. Bryophyta (mosses) are the second most diverse phylum of land plants after angiosperms, comprising approximately 13,000 species [1]. Bryophytes play significant roles in ecosystems, such as contributing to the maintenance of forest biodiversity, water retention, soil improvement, and nutrient cycling [2], as well as being ecological indicators.



Forest biodiversity patterns and their formation are core components of community ecology research [3]. Understanding the formation, maintenance, and loss of biodiversity patterns can help in the sustainable development and conservation of biodiversity [4]. Tree epiphytic bryophytes are particularly sensitive to environmental changes in climate and air quality [5].



In a temperate deciduous broadleaf forest, environmental variables such as light, topography, and bark physicochemical properties (BPPs) are interrelated. Given these complex inter-relationships, an in-depth analysis of their combined effects is necessary for understanding and predicting the future impact of environmental changes. For example, BPPs reportedly influence the epiphytic specificity and distribution of epiphytic bryophytes [6,7,8]. Different woody plants have different BPPs, which in turn affect epiphyte colonization [9,10]. Light is also an important environmental factor in forest ecosystems: both directly via photosynthesis and indirectly by changing moisture and humidity. Topography such as elevation is a further determinant of plant communities [11].



Biodiversity studies include species diversity, phylogenetic diversity (PD), and functional diversity (i.e., functional richness (FRic)). Some community ecologists have sought to link woody plant biodiversity (species diversity, FRic, or PD) to abiotic environmental variables to infer the community–assembly mechanisms [12,13,14,15,16,17]. However, the particular effects of an individual environmental factor have been extensively studied, whereas few have considered their combined effects and interactions. Studying ecosystems goes beyond considering only species diversity, and should include phylogenetic, functional trait, habitat, and ecosystem diversity [18]. Accordingly, we investigated the relationship between diversity (species diversity, PD, and FRic) and environmental variables to understand the environmental factors driving the diversity in epiphytic bryophyte communities. We aimed to clarify the factors (light, topography, or BPPs) primarily driving the diversity. Our results may contribute to an understanding of the factors driving epiphytic bryophyte diversity and provide ideas for conserving epiphytic bryophytes.




2. Materials and Methods


2.1. Study Location and Sampling Design


This study was conducted in the Baiyunshan National Nature Reserve 10,000 m2 forest dynamic plot (111°480–112′160″ E, 33°330–33′560″ N), Songxian County, east China. The White River (a tributary of the Yangtze River), the Yi River (a tributary of the Yellow River), and the Ru River (a tributary of the Huai River) all originate at the Yuhuangding peak, which is 2216 m above sea level. Funiu Mountain in China is an important geographical boundary with a warm temperate zone and subtropical zone. It is also a complex ecosensitive area with a high percentage of forest cover (>90%). The reserve’s forest type and structure are intricate, varied, and rich, making it one of the relatively rare regions in central China with clearly defined vertical forest-distribution zones. The annual mean temperature in the region is 13.5 °C, the annual mean precipitation is 1200 mm, and the forest cover is 81.2% (Figure 1).



All stems ≥ 1 cm diameter at breast height in the 10,000 m2 plot were tagged, mapped, and measured. The forest type of the plot is a deciduous broadleaf forest, and its dominant tree is Quercus aliena Bl. var. acuteserrata Maxim. ex Wenz. All epiphytic bryophytes in the plot were collected based on 10 m × 10 m subplots, with a total of 100 subplots. In August 2020, all epiphytic bryophytes growing on the same side of woody plants within the sample plots were collected. The collection range was from the roots of the woody plant at ground level to 1.5 m up the tree trunk. A piece of bark (5 cm × 5 cm) was collected at 1.3 m. The data for all epiphytic bryophytes and woody plant species are shown in Table 1.




2.2. Epiphytic Bryophyte DNA and Functional-Trait Data Collection


The epiphytic bryophytes were identified from macroscopic characteristics (including stem length, leaf length) and microscopic features (including cell width, cell shape).



The cetyltrimethylammonium bromide method was used to extract DNA from each bryophyte. Three common barcoding genes, namely, rbcL, rps4, and trnL-F, were amplified using the polymerase chain reaction. The amplified products were examined via gel electrophoresis and then sent to BGI for sequencing. The sequence results returned by BGI were retrieved in NCBI, and the bryophyte species were identified based on their macrocharacteristics [19,20]. The gene sequences were used for phylogenetic tree construction.



Eight functional traits for each species were measured: stem length, leaf area, leaf length-to-width ratio, middle cell length, middle cell width, capsule length, spore diameter, and spore thickness. The measurement protocols for these traits followed a previous work [21]. Each functional trait was measured three times. All functional data are shown in Table S7.



For stem lengths we measured heights t from the part of the plant in contact with the substrate to the top of the plant. Setal lengths were from the foot to the base of the capsule. Leaf area and leaf length-to-width ratios were calculated from fully hydrated leaves.




2.3. Environmental Data


Four topography variables were measured for each 10 m × 10 m subplot, with a total of 100 subplots. The elevation of the four corners of the subplot in the field was recorded. Based on the elevation data, we calculated the average elevation, slope, aspect, and convexity [15,22].



Six light variables were measured for each 10 m × 10 m subplot: subcanopy scattered radiation (SRUC), direct radiation under the canopy, transmittance of light (TT), canopy cover (CC), leaf area index (LAI), and average leaf inclination (ALA). For the collection method, an ultra-wide-angle fisheye lens was connected to a Canon 7D camera, which was then used to take hemispherical photos at the center of each 10 m × 10 m subplot. Light data were collected from 8 a.m. to 10 a.m. and from 4 p.m. to 6 p.m. on clear days without wind and fog, thus avoiding blurred images. A HemiView canopy light-analysis system was used to calculate the canopy light factor data of each 10 m × 10 m subplot [23].



A total of eight BPP variables (N, P, K, C, S, Si, pH, and bark cracking depth (CD)) were measured [24,25,26]. The total nitrogen (N) of barks was determined via the micro-Kjeldahl method of the means of micronutrients. The barks’ total phosphorus (P) was determined via molybdenum–antimony colorimetry with H2SO4–H2O2. Total potassium (K) was determined using the flame-photometry method (H2SO4–H2O2). Organic carbon (C) was determined using the K2Cr2O7-capacity method. Silicon (Si) content was determined using the colorimetric silicon–molybdenum blue method. Barks were boiled in concentrated HNO3 to determine the sulfur (S) content. Bark pH was determined by potentiometry, and crack depth was measured with a Vernier caliper.




2.4. Statistical Procedures


Epiphytic bryophyte diversity was calculated using three indices (species diversity, FRic, and PD) based on 10 m × 10 m subplots of epiphytic species samples. Species diversity was estimated using the Simpson index [27] in the R package “vegan.” Functional richness (FRic) was calculated with the R function “dbFD” [28]. Eight functional traits were used to calculate FRic because studies have demonstrated that considering only a single trait can lead to an oversimplification of results [29]. The species evolutionary differences in the community were described by PD [30], which was calculated using the phylogenetic tree of the studied epiphytic bryophyte community and the “picante” package in R.



Given the large number and complex data types of light variables and bark physical and chemical properties variables, principal component analysis (PCA) was applied to light variables and BPP variables and thus reduced secondary variables [31]. In the PCA of the light factor, the first four main components (PC1, PC2, PC3, and PC4) captured 99.7% of the total variations in these variables. The first four PCs (largely reflecting variables in parentheses) were as follows: PC1 (CC, LAI, and ALA), 66.7%; PC2 (CC), 30.3%; PC3 (TT, SRUC, and ALA), 2.2%. In the PCA of BPP factors, the first four main components (PC1, PC2, PC3, and PC4) captured 82.6% of the total variations in these variables. The first four PCs (largely reflecting variables in parentheses) were as follows: PC1 (N, P, S, and Si), 36.7%; PC2 (K, S, pH, and CD), 20.0%; PC3 (N, C, and Si), 13.7%; and PC4 (P, S, and pH), 12.3% [31].



Canonical correspondence analysis (CCA) was used to elucidate relationships between environmental factors and epiphytic bryophyte communities. We also used forward selection to reduce the number of explanatory variables in search of a parsimonious model. The significance of each environmental variable was tested in R using the envfit function. The CCA results were tested using Monte Carlo permutation to determine whether the model reached a significant level (p < 0.05). A CCA analysis and significance test were implemented using the “vegan” package in R [31].



To determine the correlation between environmental factors on the studied epiphytic bryophyte community, the Mantel test was used [32]. The Mantel test assessed the correlation of environmental factors (Topography, LightPC1–PC4, and BPPPC1–PC4) with the diversity of the epiphytic bryophyte community (species diversity, PD, and FRic), respectively. They were represented by the package “ggcor” in R.



To further explore the effects of environmental factors on the diversity of epiphytic bryophyte, linear regression analyses were conducted to test the correlations of different environmental factors with the epiphytic bryophyte species diversity index (Simpson), PD index, and FRic. Variance partitioning [33] based on the “packfor” and “vegan” software packages were used to assess the relative importance of three sets of environmental variables on epiphytic bryophyte species diversity index (Simpson), PD, and FRic, respectively.



Piecewise structural equation models (“piecewiseSEM” package) were used to assess the direct and indirect links between environmental factors and the studied epiphytic bryophyte community. SEM is extensively used in multivariable-related studies due to its ability to partition the causal influences among multiple variables and separate the direct and indirect effects of model predictors [34]. These analyses were conducted using “piecewiseSEM” [35]. The models were modified stepwise according to the pathway significance (p < 0.05) and the goodness of the model (0 ≤ Fisher’s C/df ≤ 2 and 0.05 < p ≤ 1.00) [36].





3. Results


3.1. Composition of the Epiphytic Bryophyte Community


The total number of epiphytic bryophytes records, from the 1310 trees in the plot, was 1650. A total of 25 species were recorded. The species abundance per host tree ranged from 2 to 697. The abundance of epiphytic bryophytes ranged from 5 to 353. The values for the subgroups are given in Table S2 (Additional file). In the studied epiphytic bryophyte community, the dominant species was Pylaisiadelpha yokohamae (Broth.) Buck. In the host tree community, the dominant species was Quercus aliena Bl. var. Acuteserrata Maxim. ex Wenz. The network of interactions between host trees and epiphytic bryophytes was largely symmetric in species richness (Figure 2). The ratio of host tree species-to-epiphytic bryophyte species was 25:24, with a mean of 1.04 bryophyte species per tree species.




3.2. Effect of Environmental Variables on the Epiphytic Bryophyte Community


CCA results showed that the studied epiphytic bryophyte community was primarily affected by Light-PC4 and BPP-PC2 (Figure 3A). The results of the Mantel test showed that the species diversity of epiphytic bryophytes (Simpson) correlated significantly with Light-PC2, and the PD correlated significantly with aspect. Among the environmental factors, the light variables correlated with the topography and BPP variables (Figure 3B).



Across all observations, the species diversity of tree epiphytic bryophytes (Simpson) correlated positively with elevation, while Simpson correlated positively with altitude and negatively with light-PC1 and BPP-PC3. The PD of the tree epiphytic bryophytes correlated negatively with light-PC1 and BPP-PC2. The FRic of the epiphytic bryophytes correlated positively only with light-PC3 (Figure 4).




3.3. The Main Environmental Processes Determining the Coexistence of Bryophyte Communities


In the studied epiphytic bryophyte community, the variations in species diversity (Simpson) and PD were primarily explained by BPP variables (10%) and light variables (16%). Conversely, the variation in FRic was primarily explained by topography (32%) and light (44%) variables (Figure 5).



“PiecewiseSEM” was used to assess the direct and indirect links between environmental factors and the studied epiphytic bryophyte community as well as the relationship among species diversity, PD, and FRic in epiphytic bryophyte communities. In such communities, apart from the direct effects of BPPs on species diversity and topography on PD, the indirect effects of light on species diversity, PD, and FRic were also highly significant. Species diversity was further closely correlated with PD, which was closely correlated with FRic (Figure 5).





4. Discussion


The results of our correlation analyses between the studied epiphytic bryophyte community and environmental factors were consistent with previous studies [6,7,8]. Epiphytic bryophytes species did not show strong positive relationships with light compared with other bryophytes [37]. Bark pH is one of the ecological factors affecting the occurrence of bryophytes [38]. Our results showed a correlation between bark pH [38] and epiphytic bryophyte communities and BPPs (N, P, K, C, S, Si, and bark CD) (Figure 3A). The environmental variables affected the species diversity, PD, and FRic of the epiphyte community.



Previous research has shown that light influences the PD and FRic of vascular plant communities [39]. In the present study, variance-partitioning results showed that light was the main factor driving the diversity variation in epiphytic bryophyte communities. Light drove the variation in species diversity, PD, and FRic (Figure 4) and affected the humidity and temperature in the microenvironment.



Quantification of the effect of BPPs on the Simpson, FRic, and PD (Figure 5A) showed that the BPPs significantly affected the species diversity and PD of epiphytic bryophytes. Studies on vascular plants have also confirmed that physicochemical properties can directly affect the functional traits of plants [40,41]. This finding was similar to a previous one from a study on four tree species, namely, Notholithocarpus densiflorus (Hook. and Arn.) Manos, Cannon and S.H.Oh; Quercus chrysolepis Liebm.; Arbutus menziesii Pursh; and Umbellularia californica (Hook. and Arn.). Their bark characteristics were found to affect epiphytic bryophyte cover across tree species [42]. In temperate forests, the diversity of epiphytic bryophytes is influenced first and foremost by large-scale environmental factors, such as geography and climate [43]. Small-scale environmental factors such as light, temperature, and humidity in the forest also greatly affect bryophyte diversity [42,43,44,45], leading to changes in the distribution pattern of bryophytes in the forest [6,7,8,46,47,48]. BPPs such as bark water content, drying rate, and pH, as well as some chemical properties, influence the epiphytic preference of bryophytes [7]. The results of the present study revealed that the species diversity and PD of epiphytic bryophytes were influenced by bark pH and fissure depth and by some chemical properties of the bark, such as K, P, S, and Si. In a study on epiphytic bryophytes on a broadleaf tree species in the Heishiding Nature Reserve [49], the epiphytic bryophyte bias was most likely correlated with specific bark properties [44]. Bryophytes are very sensitive to the physicochemical properties of epiphytic bark [50,51]. Low bark pH is not conducive to bryophyte growth, and bark CD affects bryophyte attachment [6,8]. Therefore, the BPPs of different tree species have different effects on epiphytic bryophytes and thus on bryophyte diversity. Thus, increasing the diversity of forest tree species and maintaining a certain proportion of specific tree species in the stand are conducive to maintaining the highepiphyte diversity of epiphytic bryophytes [52,53].



“PiecewiseSEM” results showed that FRic, species diversity, and PD depended on and influenced one another in the studied epiphytic bryophyte community. Related studies on microorganism analyses provided evidence that Shannon diversity was positively and strongly correlated with biodiversity components, such as PD and species richness [54].




5. Conclusions


The environmental variables of light, topography, BPPs, all affect the composition of epiphytic bryophyte communities. A range of host trees is essential for maintaining forest epiphyte diversity.
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Figure 1. Location and topography of plots in the Baiyunshan National Reserve. The star indicates the location of the plot; the line indicates the elevation of the plot; the green circle indicates the woody plants in the plot; and the size of the circle indicates the diameter of woody plants at breast height. 
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Figure 2. Correspondence between epiphytic bryophytes and host tree species. The upper part of the figure shows epiphytic bryophyte species, and the lower part of the figure shows host tree species. Lines of the same color connect the epiphytic bryophytes with the host tree species. 
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Figure 3. CCA ordination diagram of the epiphytic bryophytic community with environmental variables. The ranking results were forward selected; the direction of the arrow indicates the value of the environmental parameter, and its length indicates the degree of correlation with the representative axis. The table shows the variance inflation factors (VIFs), the degree of contribution of all environmental factors, and the significance of environmental variables (A). Environmental factors and epiphytic bryophyte diversity are also shown. Pairwise comparisons of environmental factors are shown at the upper-right, with a color gradient representing Pearson’s correlation coefficient. The diversity of epiphytic bryophyte communities was correlated with environmental variables as shown by partial Mantel tests. The line width indicates the partial Mantel r statistic of the corresponding correlation, and the color of the line indicates significance (B). 






Figure 3. CCA ordination diagram of the epiphytic bryophytic community with environmental variables. The ranking results were forward selected; the direction of the arrow indicates the value of the environmental parameter, and its length indicates the degree of correlation with the representative axis. The table shows the variance inflation factors (VIFs), the degree of contribution of all environmental factors, and the significance of environmental variables (A). Environmental factors and epiphytic bryophyte diversity are also shown. Pairwise comparisons of environmental factors are shown at the upper-right, with a color gradient representing Pearson’s correlation coefficient. The diversity of epiphytic bryophyte communities was correlated with environmental variables as shown by partial Mantel tests. The line width indicates the partial Mantel r statistic of the corresponding correlation, and the color of the line indicates significance (B).



[image: Diversity 15 00688 g003]







[image: Diversity 15 00688 g004 550] 





Figure 4. Linear relationship between diversity indices of epiphytic bryophytes community and environmental factors. The solid line represents the linear regression model with a 95% confidence interval (shaded area). 
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Figure 5. The contribution of environmental factors to the diversity of epiphytic bryophyte communities. Topography: elevation, aspect, slope, and convexity. Light: Light-PC1-PC4. BPP: BPPPC1-PC4. Among them, yellow = topography; blue = light; green = bark physicochemical properties; yellow + blue = topography+light; yellow + green = topography + BPP; blue + green = light + BPP; yellow + blue + green = topography + light + BPP (A). PiecewiseSEM accounts for the direct and indirect effects of topography variables, light variables, and bark physicochemical property variables on the variation of the diversity of epiphytic bryophyte. The topography, light, and BPP variables were divided into composite variables. Numbers adjacent to measured variables are their coefficients with composite variables. Numbers adjacent to arrows are path coefficients and are the directly standardized effect size of the relationship. Significance levels of each predictor are * p < 0.05, ** p < 0.01, *** p < 0.001. (B). 
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Table 1. Lists of the tree species and the epiphytic bryophytes.
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	Tree Species
	Epiphytic Bryophytes





	Quercus aliena Bl. var. acuteserrata Maxim. ex Wenz.
	Pylaisiadelpha yokohamae (Broth.) Buck.



	Pinus armandii Franch.
	Eurohypnum leptothallum (Müll. Hal.) Ando



	Toxicodendron vernicifluum (Stokes) F.A.Barkl.
	Pylaisiadelpha tenuirostris (Bruch et Schimp. ex Sull.) Buck



	Betula platyphylla Sukaczev
	Gammiella panchienii Tan et Jia



	Lindera obtusiloba Blume
	Eurhynchium latifolium Cardot



	Litsea tsinlingensis Yen C. Yang & P. H. Huang
	Frullania sinensis Steph.



	Cornus kousa subsp. chinensis
	Entodon macropodus (Hedw.) Müll. Hal.



	Corylus heterophylla var. sutchuenensi Franch.
	Haplohymenium triste (Ces.) Kindb.



	Symplocos paniculata (Thunb.) Miq.
	Heteroscyphus argutus (Reinw. et al.) Schiffn.



	Carpinus turczaninowii Hance
	Schwetschkeopsis fabronia (Schwaegr.) Broth.



	Tilia paucicostata Maxim.
	Brachythecium rivulare Schimp.



	Sorbus alnifolia (Sieb. et Zucc.) K. Koch
	Frullania ericoides (Nees) Nees & Mont.



	Malus honanensis Rehder
	Pylaisiopsis speciosa (Mitt.) Broth.



	Prunus clarofolia C. K. Schneid.
	Gollania ruginosa (Mitt.) Broth.



	Quercus variabilis Bl.
	Mnium laevinerve Cardot.



	Tilia japonica (Miq.) Simonk.
	Taxiphyllum taxirameum (Mitt.) M. Fleisch.



	Cornus controversa Hemsl.
	Pylaisia polyantha (Hedw.) Schimp.



	Viburnum betulifolium Batal.
	Rhynchostegium pallenticaule Müll. Hal.



	Meliosma veitchiorum Hemsl.
	Homalothecium sericeum (Hedw.) Bruch, Schimp. & W.Guembel



	Pinus tabuliformis Carrière
	Trocholejeunea sandvicensis (Gott.) Mizut.



	Carpinus cordata Bl.
	Trichostomum tenuirostre Lindb



	Styrax obassis Siebold et Zucc.
	Brachythecium buchananii Jaeger



	Juglans cathayensis Dode
	Plagiomnium cuspidatum T. Kop.



	Celastrus orbiculatus Thunb.
	Entodon cladorrhizans (Hedwig) Müller Hal.



	
	Bryhnia brachycladula Cardot
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