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Abstract

:

Epiphytic bryophytes can maintain water, recycle nutrients, and provide habitats for many other organisms in the forest ecosystem. Describing the spatial change of epiphytic bryophytes plays an important role in understanding the potential factors of diversity distribution. The study aimed to determine the influence of environmental factors on their diversity and assemblage in the alpine forest ecosystem of Sygera Mountain. We considered 72 trees, taking into account 1152 quadrats to research the study. Our results showed bryophyte richness first exhibited a hump-shaped pattern and then increased along elevation, reaching a peak at 3500 m. The richness of the eastern aspect was higher than that of the west. Diversity of Quercus semecarpifolia was the highest. There was significant variation among elevations of bryophytes assemblages, especially for the biotopes at 3900 m and 4100 m. The differences among bryophytes assemblages on aspects and tree species were less apparent. Diameter at breast height and elevation influenced assemblage composition. Elevation, tree species, and tree properties drive the diversity of epiphytic bryophytes, and tree species were significantly related to the variation in the diversity of bryophytes. These results are helpful for understanding the relationship between the spatial distribution pattern of bryophytes and the environment.
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1. Introduction


Understanding the ecological processes and mechanisms of biodiversity is a matter of great interest to ecologists [1]. The factors that caused patterns of species richness and the changes between different environments and groups are still under debate [2,3], especially in the research of bryophytes. As the second largest group of higher plants, bryophytes have more than 20 000 species recorded worldwide [4]. The bryophytes are very sensitive to environmental changes due to their simple structure. Most bryophytes have leaves with a single layer of cells, which can make them take up water and nutrients from their surface directly [5].



More than 6100 species of epiphytic bryophytes are distributed from northern forests in the northern hemisphere to temperate forests in the southern hemisphere [6,7,8]. Epiphytic bryophytes play an essential role in ecosystem processes, maintaining local water balance and atmospheric humidity, recycling nutrients, and fostering ecological interactions by providing food sources and habitats for many other organisms [9]. Although the biomass of epiphytic bryophytes is small, they contribute a considerable part to forest biodiversity [10] and have been widely used as indicators of forest continuity and naturalness in forest ecosystems [11].



Focusing on patterns of species richness along elevational gradients is an important issue. Elevations will cause changes in temperature and precipitation. Different types of bryophytes respond differently to temperature and precipitation [12]. Epiphytic bryophytes usually show tolerance over a wide temperature range, and some species can grow in a low-temperature environment at high elevations [13]. Precipitation is also an essential factor for their diversity [5]. Many species of bryophytes can thrive under the harshest conditions because of their physiological tolerance to desiccation [7]. Several studies have examined the pattern of bryophyte species diversity and distribution in relation to elevation. As with many other groups, four distribution patterns have been reported: (a) a monotonic decrease [14], (b) a monotonic increase [15], (c) a hump-shaped distribution with high richness at mid-elevation (the hump-shaped pattern is the most commonly reported) [16], and (d) multimodality [17]. The length of an elevational gradient can affect the observed pattern of species richness. Even though factors associated with these species’ distribution patterns vary from study to study, it is generally agreed that bryophyte diversity peaks at the elevation have optimum environmental conditions, including suitable microclimate and substrate [9,15].



Stand and tree factors also influence the diversity and species composition of epiphytic bryophytes [18]. At the stand scale, canopy openness, shrub layer, and vertical structure of the canopy modify microhabitat and substrate diversity, indirectly affecting epiphytic bryophytes [19]. The continuity of the forest stands, and the available substrates is a determinant for many dispersal-limited species [11]. Tree-level variables are also critical in explaining the composition and richness of epiphytic bryophyte species [20]. This host preference of epiphytes was mainly explained by the different acidity, nutrient content, tree age and diameter of tree [21,22,23]. While tree species are discrete, nominal factors for epiphyte assemblages, the physical and chemical properties of different bark types show continuous transitions on a larger spatial and temporal scale. These vary considerably even within a species depending on site fertility, humidity, solar radiation, temperature, and precipitation [24,25,26].



The Tibetan Plateau has been called the roof of the world and is also one of the most sensitive regions to global change. Climate conditions change over very short spatial distances, leading to a significant variation of environmental factors such as temperature, precipitation, light, and soil [27]. Tree species change rapidly along the environmental gradient, shaping the rich forest types, making Tibet an ideal zone for studying the response of epiphytic bryophytes to the climate [28]. Some studies focus on the relationship between bryophytes and the environment in Tibet [29,30], but few focus on epiphyte bryophytes [31]. Therefore, this study aimed to investigate (1) how the diversity of epiphytic bryophytes change along the environmental gradient, and (2) what are the main factors affecting the diversity and distribution pattern of epiphytic bryophytes.




2. Materials and Methods


2.1. Study Area


The study area, located on Sygera Mountain in the southeastern Tibetan Plateau, China, approximately between 29°30’–29°50’N and 94°30’–94°54’E, is part of the Nyainqentanglha Mountains. Sygera Mountain was carved by the Niyang River and Parlung Zangbo River (two branches of the Yarlung Zangbo River), which created very steep terrain with a mean aspect of 28° in this region adjacent to the Yarlung Zangbo Grand Canyon. This region features steep mountains and a mean elevation of 3540 m. Affected by the Indian Ocean monsoon, rainfall is abundant in the summer half of the year but is much less abundant in the winter half of the year, leading to a humid and semi-humid subalpine cool climate with distinct wet and dry seasons. The moist air mass infiltrates the east aspect with a steep canyon zone. The light and heat conditions of the west aspect are more than those of the east aspect, but the precipitation, relative humidity and frost-free period of the east aspect are more than the west aspect [28].



The natural forest area within 3100–4100 m elevation was selected for the research. The natural vegetation composition varieties transition from deciduous broad-leaved forest to mountainous temperate coniferous forest, subalpine dark coniferous boreal forest, and boreal alpine shrub with increasing elevation. The dominant trees in the study area are Betula utilis, Quercus semecarpifolia, Abies georgei var. smithii, and Picea linzhiensis, etc. [28].




2.2. Sampling and Identification


Bryophyte field surveys and collections were carried out in Sygera Mountain in August 2017 and July 2019. We use a hierarchical nesting design to sample bryophytes on six elevations (around 3100 m, 3300 m, 3500 m, 3700 m, 3900 m, and 4100 m, Figure 1). Within each elevation, a 20 × 30 m plot was set on the southeast (east) and northwest (west) aspects (Table 1). Six trees (3 were common tree species, and 3 were other tree species) were selected on a sample plot. So, these can have a more comprehensive understanding of the epiphytes at the elevation. Because the trees had a rounded surface, we chose trees with a diameter at breast height slightly longer than the length of the quadrat side to not let the adjacent samples have overlapping parts, calculate the cover exactly in the sample quadrats and make the sampling as reasonable as possible. Therefore, we can get the relationship between diameter at breast height and diversity at a particular range. Epiphytic bryophytes were sampled in 100 cm2 (10 × 10 cm quadrats), positioned in four directions (east, south, west, and north) in four height locations (0 m as the baseline, 0.5 m, 1.0 m, and 1.5 m) on trees. Total bryophyte cover (%) was estimated for each quadrat. In total, 16 quadrats (1600 cm2) per tree were sampled. A total of 1152 quadrats of bryophytes on 72 trees were collected. All specimens were deposited in the herbarium of China Agricultural University (BAU).




2.3. Environmental Variables


According to previous studies, epiphytes were mainly explained by the physical and chemical properties of different bark [21,22,23]. This work measured tree nitrogen of barks, pH, diameter at breast height, and bark roughness grade [32] for 72 trees.



We used the shore hardness tester to determine the bark roughness grade. The bark sample was air-dried at room temperature and then cleaned from epiphytes with a brush. For the determination of bark pH, the bark of four locations of each tree was mixed in equal amounts, crushed with a crusher, sieved through a 2.0 mm mesh, weighed 1 g, added 50 mL of deionized water, shaken on a shaker at 210 r/min for 30 min, and left for 48 h before being measured with a pH meter [33]. For the determination of the total nitrogen content of bark, about 50 g of bark samples were crushed with a pulverizer and sieved, and then total nitrogen was determined by Kjeldahl method [34].



The selected environmental correlations were all less than 0.7 to avoid covariance problems (Figure S1).




2.4. Data Analyses


Species accumulation curves were built using 10 × 10 cm quadrats with 95% confidence intervals to assess the completeness of sampling effort or sampling completeness based on the richness.



We determined the relative importance of the environmental factors for the diversity of all bryophytes, mosses, and liverworts across the 72 trees, respectively, using mixed effects models [35]. In these models, elevation, aspect, tree species, nitrogen, pH, diameter at breast height, and bark roughness grade were fixed factors, and the site of 72 trees was fitted as a random factor (The R package “lme4”, “lmerTest”, “glmm.hp”, “ade4” were used) [36,37,38,39].



Cluster analysis was based on the Bray–Curtis similarity coefficient, using the furthest neighbor sorting calculated on the coverage of bryophyte species to identify if distinct groupings of species occurred within the 72 trees.



Non-metric multidimensional scaling (NMDS) was used to compare the differences in epiphytic bryophyte assemblage composition among different elevations, aspects, tree species and bryophyte assemblage classes (the adonis and metaMDS functions via the “vegan” package). The species-site matrix was hellinger-transformed before the analysis. We calculated 95% confidence ellipses around barycenters to show quadrats “typical” of elevations, aspects, tree species, and classes (the function stat_conf_ellipse from the package “ggpubr”) [40]. Analyses of similarity (ANOSIM) of the Bray–Curtis distance based on 999 permutations were used to compare the dissimilarities between bryophyte assemblage composition on elevations, aspects, and tree species (the “anosim” function via the “vegan” package) [41].



The Canonical Correlation Analysis (CCA) was used to examine the correlation between bryophyte assemblages and environment (the function cca via the “vegan” package) [41]. We computed pairwise distances between each environmental factor (including elevation, tree nitrogen of barks, pH, diameter at breast height, and bark roughness grade). Partial mantel correlations (9999 permutations) were computed to identify the relationship between bryophyte assemblage composition and environmental factors (the “ggcor” package).





3. Results


3.1. Diversity of Bryophytes


Extensive sampling efforts were conducted in this study. Although the top of the curve still shows an upward trend, the trend is relatively flat (Figure S2), indicating that the sample size of our study was sufficient. In total, 237 bryophyte species were recorded (Table S1).



The richness of all bryophytes and mosses exhibited a hump-shaped pattern reaching a peak at 3500 m and then increasing along elevation, while liverworts richness peaked at 4100 m (Figure 2A–C). The richness of the eastern aspect was higher than those of the west (Figure 2D–F). The richness of epiphytic bryophytes on Quercus semecarpifolia was the highest (Figure 2G).



Fixed variables explained 0.462 (R2m) of the variation in diversity of all bryophytes, and the effects of all environmental factors on bryophytes diversity are significant. The random variable effect explained a small proportion of variation (R2c − R2m = 0.36) (Figure 3). Additionally, fixed variables explained a larger proportion of variation in the diversity of mosses (0.489) and liverworts (0.967). Tree species mainly explained the variation in the diversity of all bryophytes (0.285), mosses (0.254), and liverworts (0.905) across all 72 trees. Bryophyte richness exhibited a hump-shaped pattern with the increase in pH. Bryophyte richness (excluding liverworts) was negatively correlated with DBH and nitrogen and positively correlated with bark roughness, even with low R2 values (Figure S3).




3.2. Relationship between Bryophyte Assemblages and Environmental Factors


Significant variation was found in elevations with low cohesion, especially for the biotopes at 3900 m and 4100 m (Figure 4A and Figure S5A). The differences among bryophytes in aspects and tree species were less apparent (Figure 4B,C and Figure S5B,C). Bryophytes could be categorized into six groups (Figure S4, class I–VI). The dominant species in class I were Pseudoleskeella tectorum and Entodon sullivantii, and dominant species in class II were Trichostomum tenuirostre and Hypnum plumaeforme (Table S2). The differences among bryophytes assemblage in classes were apparent (Figure 4D and Figure S5D). The canonical axes of CCA explained 53.59% of the total variance. For example, assemblage class II tends to be associated with high diameter at breast height; class I was associated with high bark roughness grade (Figure 5A). Bryophytes assemblage was strongly influenced by elevation, diameter at breast height, and bark roughness grade (Figure 5B).





4. Discussion


4.1. How Does Elevation Drive the Diversity and Assemblage Structure of Bryophytes?


Floristic richness in mountain springs can be attributed to a complex interaction of environmental variables. There is rich bryophyte diversity in Sygera Mountain, with 237 bryophyte species. The epiphytic bryophytes richness along the elevation is related to the heterogeneity of the mountains. Vegetation type remarkably differs along elevation gradients. The vegetation type is at the junction of deciduous coniferous forest and broad-leaved deciduous forest at the elevation of 3500 m, while the tree type in 4100 m is at the junction of shrub and deciduous coniferous forest. The richness of epiphytic bryophytes in transition zones is higher than in other places. The diversity pattern along the elevation of Sygera Mountains was consistent with the results of similar studies on Gongga Mountain [17].




4.2. How Do Tree Properties Drive the Diversity and Assemblage Structure of Bryophytes?


Tree properties are a crucial factor driving the composition of epiphyte bryophytes and are generally related to the tree species. Tree properties determine the composition of epiphytic bryophytes. Bryophytes vary with host species and specific environmental conditions [42].



The results suggest that host characteristics, including bark roughness and pH, might affect the assemblage composition of bryophytes. At the same time, diameter at breast height was correlated negatively with bryophyte richness within a specific range. They are related to the survival and development of epiphytic bryophytes. For our study sites, the higher diameter at breast height tended to be in coniferous forests. Pine proportion also has a negative effect on the diversity of epiphytic bryophytes [19]. Some compounds and cation concentrations within the bark may also affect epiphytic bryophytes’ survival and development. As reported in a study in Romania, Picea and Abies were less suitable for epiphytic bryophyte survival may be because their bark contains more tannins and resins that inhibit the growth of bryophytes [43].



Bryophyte has a specific tolerance range for pH. The acidic and basic trees are not suitable for the growth of bryophytes (Figure S3). Additionally, thicker and fissured bark facilitates the increase of bark water content and provides more attachment space, which provides more extended colonization and successional time for the limited dispersal of species [21]. Thus, large trees with cracked, decayed bark and deeper bark fissures provide more shade, wind and moisture shelter for epiphytic bryophytes [44]. We also found that mosses diversity increased as the bark became rougher (Figure S3). Pseudoleskeella tectorum (Class I dominant species), a typical bark-dwelling species, may achieve dominance on large portions of the trunk and prefer to live on the rough bark of trees [45]. However, epiphyte bryophytes are likely to experience more exposure to desiccation on smooth-barked trees.



Epiphytic bryophytes can take up N from bark and transfer it to their branches [46]. Moving N to branches is particularly important because branches often have higher N requirements for photosynthetic enzymes. In general, due to N limitation in many bryophyte-dominated ecosystems, a slight increase in N can increase the capacity to take up nitrogen, increasing the chlorophyll content of bryophyte cells and photosynthetic capacity [47]. However, our study found that higher bark total nitrogen content reduces bryophyte diversity (Figure S3). Excessive N supply is detrimental to these sensitive organisms. For example, excessive N supply has been shown to lead to excessive absorption of NH4+ into cells, which can threaten cellular homeostasis and cause toxicity, leading to a subsequent reduction in bryophyte growth [47,48]. Increased N deposition may also lead to increased amino acid accumulation in bryophyte tissues, which may deplete the reserves of soluble carbohydrates needed for growth [49]. High N may lead to biochemical disorders in bryophytes [50].





5. Conclusions


In this study, environmental factors were combined with the spatial distribution of epiphyte bryophyte to study the effects of elevation gradient on species diversity and assemblage composition. Our investigations show the rich epiphytic bryophyte diversity in Sygera Mountain. Elevations and mountain aspects caused shifts in tree species, affecting the distribution pattern of bryophytes. The tree species and diameter at breast height mainly modulated variations in diversity along the elevation. Bryophyte assemblages changed most significantly at different elevations. Meanwhile, different bryophytes assemblages showed a marked preference for tree properties, and also strongly depending on diameter at breast height and bark roughness grade. These results are helpful for promoting the understanding of bryophytes’ ecological role in the forest ecosystem.








Supplementary Materials
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Figure 1. Bryophytes design in Sygera Mountains. A hierarchical nesting design to sample bryophytes: elevation zone, plot, tree, quadrat. 
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Figure 2. The diversity differences among different elevations, aspect, tree species. (A–C) elevation; (D–F) aspect; (G–I) tree species. Different lines represent the environmental conditions: elevation, aspect, tree species. Different columns represent type: all bryophytes, mosses, and liverworts. Lowercase letters indicate significant differences at 0.05 error probability levels among different elevations, aspect, tree species. The boxes represent the range of values between the third and the first quartile. Outliers are values that do not fall within 1.5 times the interquartile range of the first and third quartiles (indicated by the whiskers). In each box, the horizontal black line represents the median while the mean value is represented by the hollow point. 
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Figure 3. Summary of linear mixed effects model analyzing the effects of environmental factors on the diversity of all bryophytes, mosses, and liverworts, using elevation, aspect, tree species, nitrogen, pH, DBH, and bark roughness grade as fixed effects. Tree species were taken as a random factor. R2m, R squared of fixed effect; R2c, total R squared for fixed effects and random effects. pH, potential of hydrogen; DBH, diameter at breast height. *, 0.01< p ≤ 0.05; **, 0.001 < p ≤ 0.01; ***, p ≤ 0.001. 
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Figure 4. Bryophytes assemble under different taxonomic situations with NMDS (ordination). The positions in ordination space are shown for 72 tree sites. (A) based on dissimilarities among different elevation; (B) based on dissimilarities among different aspect; (C) based on dissimilarities among different tree species; (D) based on dissimilarities among different class (shown as letters I–VI corresponding to their classification). The ellipses were calculated around barycenters with a confidence level of 0.95. 
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Figure 5. Relationship between bryophyte assembly and environment. (A) based on dissimilarities among different class (shown as letters I–VI corresponding to their classification) using CCA. The positions in ordination space are shown for 72 tree sites and environmental factors. The ellipses were calculated around barycenters with a confidence level of 0.95. (B) Pairwise comparisons of environmental factors are shown, with a color gradient denoting Pearson’s correlation coefficient. Edge color denotes statistical significance. pH, potential of hydrogen; DBH, diameter at breast height. 
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Table 1. Information on the tree species, elevation, and aspect of the sample plot.
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	No.
	Tree Type
	Elevation (m)
	Aspect





	1
	Salix sclerophylla
	3100
	West



	2
	Picea linzhiensis/Abies georgei var. smithii
	3300
	West



	3
	Prunus trichostoma/Abies georgei var. smithii
	3500
	West



	4
	Abies georgei var. smithii/Betula utilis/Salix sclerophylla
	3700
	West



	5
	Abies georgei var. smithii/Sorbus rehderiana
	3900
	West



	6
	Abies georgei var. smithii/Sorbus rehderiana
	4100
	West



	7
	Abies georgei var. smithii/Acer caudatum/Betula utilis
	3100
	East



	8
	Betula utilis/Quercus semecarpifolia
	3300
	East



	9
	Carpinus viminea/Quercus semecarpifolia
	3500
	East



	10
	Abies georgei var. smithii/Acer caudatum/Picea linzhiensis
	3700
	East



	11
	Abies georgei var. smithii
	3900
	East



	12
	Abies georgei var. smithii/

Rhododendron strigillosum var. monosematum
	4100
	East
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