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Abstract

Questions: Despite the increasing scientific interest in distance decay of compositional
similarity in ecology, the scale-dependence of geographical vs environmental control on
distance decay of biological communities has not been properly addressed so far. The present
work highlights the relative importance of niche-based processes vs dispersal limitations on
distance decay patterns of epilithic bryophyte assemblages at different spatial scales.
Location: Serra de Sintra, central Portugal.

Methods: We adopted a nested sampling design with 32 selected sampling sites in each of
which two clusters, each with five rocks, were surveyed. Each cluster was characterized by a
set of 15 macro-scale variables, which were divided into environmental and anthropogenic.
For each rock eight micro-scale variables were recorded. Partial Mantel tests were used to
assess the relative importance of geographical and environmental distance on community
dissimilarity for each grain size (site, cluster, rock). Quantile regressions were used to
describe the decay patterns of community similarity with respect to geographical and
environmental distances. Ordination analyses and variation partitioning techniques were
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applied to assess the pure and shared effects of measured variables on bryophyte community
composition.

Results: Environmental distance based upon macro-scale predictors was significantly
correlated to community similarity, while no significant correlation was found for ecological
distance calculated for micro-scale predictors, except at the largest grain size. The decrease of
community similarity with geographical and environmental distance was thus consistently
strengthened with increasing sample grain. Compositional variation was best explained by
anthropogenic variables.

Conclusions: The relative importance of environmental vs geographical distance on
compositional similarity in epilithic bryophyte communities varies with the spatial scale of
the predictors and with the sample grain. The decrease of similarity with increasing distance
is related to changes in habitat features, especially those driven by human disturbance, while
is weakly affected by variations in substrate features.

Keywords: bryophyte communities; compositional turnover; distance decay; environmental
gradient; geographical distance; nested design; sample grain; scale-dependence

Introduction

Bryophytes contribute considerably to plant diversity in several terrestrial ecosystems
and represent a fundamental component of habitats that may tip the climatic balance on
Earth, e.g. in tundra (Longton, 1992; Rastrorfer, 1978; Russell, 2008), peatlands (Gorham, et
al. 1991; Halsey, Vitt & Gignac, 2000; Longton, 1992) and boreal forests ( Jean, Alexander,
Mack & Johnstone, 2017, Kauserud, Mathiesen & Ohlson, 2008), where they play a major
role in key ecological processes such as C sequestration and N fixation (Lindo & Gonzalez,
2010; Turetsky, 2003). Because of their sensitivity to changes in climatic conditions and air
pollutant deposition, bryophytes have been termed “canaries in the coal mine” (Slack, 2011)
and used as a key organism group in ecosystem monitoring, e.g., as bioindicators. Thus,
given their key ecological role, a thorough understanding of the mechanisms by which
bryophyte assemblages interact with the environment is needed.

In particular, identifying patterns of species compositional variation in response to
environmental and geographic drivers is crucial for predicting future consequences of land-
use and climate changes for this group. Nonetheless, the majority of studies addressing
diversity and distributional patterns of bryophyte communities has traditionally focused on
alpha diversity, mainly assessed in term of species richness (Gabriel & Bates, 2005;
Hespanhol, Séneca, Figueira & Sérgio, 2011; Kimmerer & Driscoll, 2000; Nelson & Halpern,
2005; Odoret al., 2006; Weibull & Rydin, 2005).

Patterns of bryophyte compositional turnover (an aspect of beta diversity; see
Vellend, 2001) along environmental gradients in the widest sense have received increasing
attention over the last decade (Henriques, Borges, Ah-Peng & Gabriel, 2018; Mateo et
al.,2016; Norhazrina et al., 2016; Silva, Dos Santos & Porto, 2014; Virtanen, Eskelinen, &
Harrison, 2015 ) while minimal attention has been paid so far to the related issue of distance
decay of similarity (Nekola & While, 1999) and to other spatial scale effects on patterns of
bryophyte species composition and distribution.

Distance decay is a concept borrowed from geography (Tobler, 1970), addressing the
extent to which spatial distance accounts for changes in community similarity. The seminal
study by Nekola and White (1999), who investigated patterns of distance decay of both
vascular plants and bryophytes in the boreal and mountain spruce-fir forests of North
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America, triggered ecologists’ interest in this concept. These authors observed a much lower
rate of distance decay in bryophytes than in vascular plants, which they explained by traits of
the former such as their vagility and their ability to persist in microsites. This pattern
confirmed previous findings by Lee & La Roi (1979), who first examined species turnover in
bryophytes and understory vascular plants. Studying compositional variation along an
elevational gradient in the Canadian Rocky Mountains, they observed significantly lower
compositional turnover of bryophytes than of vascular plants.

Two main theories are traditionally called upon to account for distance decay of
similarity in biological communities: neutral theory (Hubbell 2001), which is based on the
assumption that community similarity decays due to species’ dispersal limitations, and
species-sorting theory which, according to Baas Becking (1934), Nekola & White (1999) and
Leibold et al., (2004), identifies niche-based processes and environmental selection as the
main drivers of similarity decrease. The results of several studies (Astorga et al., 2012;
Cottenie 2005) suggest that the latter theory explains distance decay patterns in most
biological communities, in accordance with the well-known principle that “everything is
everywhere, and the environment selects” (Baas Becking 1934). On the other hand, in studies
involving different taxonomic groups, the highest rate of distance decay has consistently been
observed for the organisms with more limited dispersal abilities (Astorga et al. 2012; Lee and
La Roi 1979; Nekola & White 1999). Dispersal limitations have, however, also been reported
for bryophytes, exemplified by some rare liverwort species, which are known to be absent
from suitable habitats (Flagmeier, Long, Genney, Hollingsworth & Woodin, 2013; Jordal &
Hassel 2010; Wangen, Speed & Hassel 2016, 2017).

To our knowledge, the first specific test of the effects of geographical and
environmental distance on species turnover of terrestrial bryophytes was conducted by Silva
et al. (2014), who did not find significant effects of deterministic processes on patterns of
compositional turnover in epilithic communities of rock outcrops. The question of which of
the theories that best explains terrestrial bryophyte composition patterns therefore remains
unanswered.

All these studies investigated patterns of compositional turnover along geographical
and environmental gradients at one spatial scale or with different extents, as in Silva et al.
(2014). However, as pointed out by several authors, the scale-dependence of biodiversity
patterns may drive the response to ecological processes (Bacaro et al., 2012; Nekola &
White, 1999; Rahbek, 2005; Soininen, McDonald & Hillebrand, 2007; Steinbauer, Dolos,
Reineking & Beierkuhnlein, 2012). This opens for the possibility that one and the same group
of organisms exhibits different ecological responses to geographic distance and
environmental variation at different grain (sampling unit) sizes.

The scale-dependence of distance-decay patterns in biological communities has been
highlighted by several studies (Maloney & Munguia, 2011; Martiny, Eisen, Penn, Allison, &
Horner-Devine, 2011; Nekola & White, 1999; Soininen et al., 2007; Soininen, Korhonen,
Karhu, & Vetterli, 2011; Steinbauer et al., 2012), of which the majority only focused on the
direct relationship between sample grain and observed patterns of distance decay, without
exploring the scale-dependence of environmental and geographical controls on such patterns.
Hernandez-Hernandez, Borges et al. (2017) recently examined richness and turnover patterns
of bryophytes at multiple spatial scales along an altitudinal gradient in the Canary Islands, but
neither addressed the effect of grain size on turnover patterns, nor explored the scale-
dependence of environmental and geographical control on such patterns.

To our knowledge, the present study is the first that explicitly addresses distance decay
patterns of terrestrial bryophyte assemblages and that evaluates the relative effect on them of
environmental vs geographical distance at multiple spatial scales.
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Bryophytes are recognized as very efficient dispersers (Lonnell, Hylander, Jonsson &
Sundberg, 2012; Medina, Draper & Lara, 2011; Saur, 1988; Shaw, Szévényi & Shaw, 2011;
Sundberg, 2005, 2013; Szovényi, Sundberg & Shaw, 2012) and have proved to be able to
successfully migrate across oceans. Indeed, Europe and North America currently share about
70% of their moss flora (Frahm & Vitt, 1993) and oceanic islands exhibit much lower rates of
endemism among bryophytes than among vascular plants (Vanderpoorten, Gradstein, Carine
& Devos, 2010). On the other hand, bryophytes are strictly constrained by micro-climatic
conditions, water availability in particular, which is recognized as the main factor limiting
their distribution due to its key role for photosynthetic activity and reproduction (Glime,
2017; Hanslin, 1999a; Uchida et al., 2002). Furthermore, unlike vascular plants, bryophytes
lack physiological control over water loss (Proctor, 1984; Proctor & Tuba, 2002), which
makes them even more sensible to micro-climatic conditions. The dependence of bryophytes
on water has been considered so strict that their abundance is used as a proxy for air humidity
(Frahm & Gradstein, 1991; Karger et al., 2012). The ecological performance of bryophytes is
also conditioned by the physical and chemical properties of their substrates, which can
significantly mediate their response to climatic drivers (Caruso & Rudolphi, 2009; Couvreur,
San Martin & Sotiaux, 2016; Halpern, Dovciak, Urgenson & Evans, 2014; Mills &
Macdonald, 2004; Spitale, 2016). For epilithic and epigeous bryophytes in particular
substrate micro-topography is also important (Bayfield, 1976; Hespanhol et al., 2011; Qkland
R.H., Rydgren & Okland T., 2008).

Following Astorga et al (2012), we therefore hypothesize that bryophyte species turnover
is more affected by variation in niche availability (environmental distance) than by dispersal
limitations (geographical distance). We also assume that, although distance decay patterns
may vary with grain size, the relative importance of environmental vs geographical control
will be almost constant over a range of grain sizes.

The specific aims of this study are: 1) to assess the relative importance of geographical vs
environmental distance on patterns of variation in community similarity at different spatial
scales; 2) to examine how the composition of epilithic bryophyte communities changes with
geographical distance and along ecological gradients at different spatial scales; 3) to test if
differences in distance decay patterns exist between mosses and liverworts; and 4) to assess
the relative ability of different sets of variables, environmental vs anthropogenic and biotic vs
abiotic, to explain variation in species occurrence patterns.

Material and Methods

Study area

The Serra de Sintra is a subvolcanic massif lying about 25 km northwest of Lisbon
and marking the westernmost edge of the European Continent (Figure 1). It stretches around
10 km from east to west, and around 5 km from north to south, reaching 528 m a.s.1.

The core of this massif is made up of syenites and surrounded by a large ring of
granites, which occupies more than half of the eruptive area, and a discontinuous ring of
gabbro-diorites. (Kulberg & Kulberg, 2000). An exceptionally high number of boulders and
rocks of intrusive origin, some of them reaching quite remarkable dimensions, occur scattered
through the Serra de Sintra, and provide suitable habitats for a considerable number of
epilithic species.
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The climate of the Serra de Sintra belongs to the Mediterranean Humid type, with some
areas mostly affected by Atlantic microclimatic features and others having typical
Mediterranean character. This differentiation depends on the exposure of the slopes
(Alcoforado, 1994; Ribeiro, Lautensach & Daveau, 1987). The close proximity of this massif
to the Atlantic Ocean brings about an inrush of winds loaded with water vapour. The
consequent formation of the thick fogs which usually wrap the Serra, contributes to very high
humidity throughout the year. The mean annual temperature is around 14.6°C and the mean
annual precipitation amounts to about 800 mm (Domingos, 2008).

The forest area of this massif covers approximately 50 km?, 26% of which (ca. 13 km?) is
managed by the State Forest Service (Ribeiro, 1996). During the 18" and 19™ centuries the
native vegetation, originally consisting of oak woods dominated by Quercus suber, Quercus
faginea and Quercus robur, was to a large extent replaced by non-native species used for
afforestation of bare areas, such as Pinus pinaster, Eucalyptus globulus and Acacia
melanoxylon, which soon grew invasive. Furthermore, in the second half of the 18th century
exotic tree species were planted to adorn the many vast estates of the Portuguese royalty and
nobility in the Serra. At the time this study was carried out, the species composition and
vegetation patterns of the region differed profoundly from the original ones (Pinto da Silva et
al., 1991).

L ..
&y R
L

Figure 1. a): Location of the Serra de Sintra within Portugal. b) Map showing the distribution of the
selected clusters across the Serra. ¢) Sketch of the adopted systematic multi-scale sampling scheme.
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The black dots represent individual rocks, grouped in clusters of five, two of which make up a site.
Sampling sites are centered upon each node and central point of the 1x1km UTM grid squares.

Sampling design

Within the study area, which was delimited below by the 200 m contour, a nested
sampling design was adopted to enable analysis of compositional patterns at different spatial
scales. A 1x1 km UTM grid was first superimposed on the study area. Thereafter, the 32
grid-cell centres and nodes (centre points) that neither presented topographic features
hindering sampling nor belonged to private properties were selected as centres of circular
sampling sites with radius 350 m. At each sampling site, two clusters, each with 5 rocks,
were selected (Fig. 1). A cluster was defined as the set of the five closest rocks within 50 m
from the outer perimeter of the five rocks (convex hull calculated in GIS) that, according to
visual inspection, satisfied the following criteria: (1) accessibility of substrates — rocks that,
for topographic or morphological reasons did not allow access to putative plot positions, were
omitted; (2) dimension — no rock smaller than 1.3 X 1.3 x 1.3 m was considered in order to
reduce the influence of ground-dwelling species and to have a sufficiently large surface area
available for colonization by bryophytes; and (3) presence of at least 3 sides accessible for
surveying. Overall, 320 rocks were sampled.

On each selected rock, one 0.5x0.5m plot was centered on each rock side facing each
of the four cardinal directions (N, S, E, W) and one plot was placed on the top of the rock (T).

All bryophytes occurring in the plots were recorded (see Appendix S1), without
discriminating between strict and facultative epiliths. Indeed, the very high humidity levels of
the Serra de Sintra throughout the year, provide optimal conditions for bryophytes.
Accordingly, epilithic bryophyte communities on rocks are characterized by co-occurrence of
species typical of several different substrates. Identification of samples was carried out
mainly in the laboratory. The taxonomic nomenclature follows Ros et al. (2007) for
liverworts and Ros et al. (2013) for mosses. Fieldwork was carried out between May 2014
and October 2015.

Predictor variables

Each cluster of rocks was characterized by a set of 15 variables, divided into
environmental and anthropogenic (Table 1). These variables, which will hereafter be referred
to as macro-scale variables or habitat variables, were selected to represent the factors more
likely affecting the distribution of epilithic bryophytes in forest habitats. Most of them were
measured in the field, whilesome were acquired from databases available via the web services
of the Instituto pela Conservacio da Natureza e das Florestas (ICNF)
(http://www2.icnf.pt/portal) and of the Sistema Nacional de Informacdo do Ambiente
(SNIAmb) (https://sniamb.apambiente.pt/content/geo-visualizador?language=pt-pt).

Tourism pressure was assigned to each forest parcel or historic park based upon field
observations and descriptive information provided by ICNF and Parques de Sintra, Montes da
Lua, the institutions administrating the Sintra Natural Park and the historical parks of the
area, respectively.

Each rock within each cluster was characterized by 8 variables recorded in the field,
which were divided into abiotic and biotic. These variables will be referred to as micro-scale
variables, or substrate variables (Table 1).
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Table 1. Macro-scale variables recorded at the cluster scale, divided into environmental and

anthropogenic, and micro-scale variables recorded at rock scale, divided into abiotic and

biotic. Source = map: data from digital maps or elevation models; source = database: data

extracted from other digital sources.

Group Variable Description Source Type Min-Max
Environmental  Altitude Elevation in m a.s.l. field continuous ~ 200-528
Topography 3 classes: N/S/Plateau map nominal
Tree cover 4 classes:0 to 100% divided into  field ordinal 1-4
equal intervals
Shrub cover - field continuous 0 -100%
Herb cover - field continuous 0 -100%
Distance from sea 3classes: (<3km)/ (3-9 km)/ map ordinal 1-3
(>9km)
Rock type 3 classes: Granite/ Syenite / map nominal
Gabbro
Insolation Hours peryear data continuous  2500-2700
base
Evapotranspiration Mm per year data continuous  500-600
base
Anthropogenic ~ Tourism pressure Subjective assignement ordinal 1-5
Vegetation type 2 classes: Semi-natural/Artificial  field nominal
Distance from paths 3 classes:(<5m)/(5-15) /(>15m)  field ordinal 1-3
Invasive species - field continuous 0 -100%
cover
Alteration of habitat 2 classes: Presence/ Absence of  field nominal
extensive logging interventions
during the last 5 years
Distance from fires 3 classes related to distance map ordinal 1-3
from areas burnt during the last
50 years: (150m)/(150-
300m)/(>300m)
Abiotic Size of the rock >1.30x 1.30x 1.30 m field ordinal 1-5
. 6 classes: 0 to 100% divided field ordinal 1-6
Shading . .
into equal intervals.
4 classes: divided into equal field ordinal 1-4
Slope .
intervals
. 5 classes: 0to 100 % divided field ordinal 1-5
Soil coverage : . .
into equal intervalssoil
- Bryophyte cover 8 classes: 0 to 100% divided field ordinal 1-8
Biotic . .
into equal intervals.
Lichen cover 8 classes: 0 to 100% divided field ordinal 1-8
into equal intervals.
Vascular plant cover 8 classes: 0 to 100% divided field ordinal 1-8
into equal intervals.
Bryophyte cover (all 8 classes: 0 to 100% divided field ordinal 1-8

substrates) within 3 m
from each rock

into equal intervals

Data analysis

The influence of geographical and environmental distance on species turnover at different
grain sizes was evaluated by use of three different metrics: 1) the slope of a quantile

regression model; 2) initial similarity and halving distance; and 3) partial Mantel tests.
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The influence of geographical and environmental distances on decay patterns was
assessed by analyzing matrices of compositional similarity and dissimilarity among pairs of
sampling units, obtained for each spatial scale (rock, cluster or site). We used Jaccard’s
coefficient of similarity S; (see Podani 2000) calculated as follows:

c
Sj " (a+b+c) (1)

where c is the number of species shared by two sampling units and a and b are the numbers
of unique species occurring in each of the two sampling units. Geographical distances were
calculated as Euclidean distances between pairs of sampling units. Environmental distances
were calculated separately for micro- and macro-scale variables by a modified version of the
Gower distance as implemented in the adiv R package (Pavoine, 2018). This measure can be
calculated for a set of environmental variables that comprise different statistical variabletypes
(quantitative and ordinal variables; for details see Pavoine, Vallet, Dufour, Gachet, & Daniel,
2009). Before calculating distance matrices, correlation analysis was performed on
quantitative variables in order to assess the degree of multicollinearity (see Appendix S2).

Quantile regressions are statistical methods that seek inference about a t-th
conditional quantile function (Koenker & Basset, 1978). We obtained the following quantile
regressions for T = 0.9 using the R package quantreg (Koenker, 2018): 1) between the
compositional dissimilarity matrix and the micro-scale variable distance matrix, separately
for each of the three scales (rock, cluster, site); and 2) between the compositional
dissimilarity matrix and the macro-scale distance matrix for the cluster and site scales. p-
values for a test of the null hyypothesis that there is no relationship are reported for
bryophytes overall (Table 4), as well as separately for mosses and liverworts (see Appendix
S3)

Initial Similarity (IS) and Halving Distance (HD), calculated according to Soininen et
al. (2007), are metrics commonly used in distance decay analyses (e.g., Astorga et al. 2012)
to quantify two aspects of species turnover with respect to distance.

IS is defined as the estimated compositional similarity of samples from sites situated a
specified, short, distance apart (1 m in our case); large values of IS thus indicate low turnover
at fine spatial scales. HD, which is defined as the distance at which IS is halved, was used to
assess the scale-dependency of compositional turnover.

Partial Mantel tests between two matrices conditioned on a third one (Legendre &
Legendre, 2012) were used to assess the effects of geographical and environmental distances
on compositional dissimilarity matrices obtained for the three grain sizes (rock, cluster and
site) and for the two sets of variables (macro and micro-scale variables). The significance of
the partial Mantel test statistic (Spearman’s p) was assessed using the Monte Carlo
permutation test (999 permutations) in the vegan R package (Oksanen et al., 2018).

Patterns of species compositional variation in samples and their environmental
correlates were further explored using multivariate methods. Specifically, we used the
multiple parallel ordination approach (van Son and Halvorsen, 2014) to extract the latent
structure of the bryophyte community matrix. Parallel, Non-Metric Multi-dimensional
Scaling (NMDS; Kruskal & Wish, 1978) and Detrended Correspondence Analysis (DCA;
Hill & Gauch, 1980) ordinations were obtained for each of the three spatial scales (see
Appendix S4/1). NMDS ordinations were obtained by use of the ‘monoMDS’ function in the
vegan R package with the following specifications: 100 random starts of the initial
configuration, Jaccard distance, maximum number of iterations = 200; convergence tolerance
=1 x 107". Then, the solution with the lowest stress value was selected and post-processed in
order to linearly rescale axes in half-change units. For each scale, we calculated the
correlation coefficient (Kendall’t) between the axes of the parallel ordinations and the
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Procrustes correlation coefficient » (see Appendix S4/2), which expresses the degree of
overall similarity between pairs of ordinations. At the cluster scale, we projected the macro-
scale variables onto the DCA ordination by using the envfit function of the vegan package.
Lastly, we produced a DCA ordination diagram with estimated species optima and projected
micro-scale variables (Appendix S5)

The variation partitioning approach (Borcard, Legendre & Drapeau, 1992; Legendre,
2008; Ykland, 2003) based on redundancy analysis (RDA, Legendre & Legendre, 2012) was
applied to each group of variables at each spatial scale to assess the proportion of
compositional variation explained by their unshared and shared effects. We focused just on
the fractions of explained variation by the different sets of explanatory variables following
Okland (1999).

To avoid multicollinearity of variables in each group, a forward selection procedure using
permutation of residuals under the reduced model and the double-stopping criterion proposed
by Blanchet et al. (2008) was applied (based on o = 0.05; permutations= 999). The
adespatial R package (Dray et al., 2018) was used. The effect of space was operationalized
using spatial coordinates of the sampling units as predictors. All analyses were performed for
all bryophytes and separately for mosses and liverworts, in order to highlight potential
differences in the response of the two main taxonomic groups of bryophytes to geographical
distance and environmental gradients. All statistical analyses were performed using R 3.5.1
(R Core Team 2018).

Results

Relative importance of environmental vs geographical distance at the various spatial
scales analysed by partial Mantel tests

The relative importance of geographical distance in shaping community structure
(expressed as compositional similarity) for all bryophytes as well as for mosses was highly
significant when environmental distance (recorded as micro-scale variables) was controlled
for, while the strength of the relationship was weakened when environmental distance based
on macro-scale variables was controlled for (Table 2). Conversely, macro-scale
environmental distance was significantly correlated with community similarity, whereas no
significant correlation was found for micro-scale environmental distance, except at the site
scale (Table 2).

Liverworts showed a pattern of compositional similarity decay similar to the pattern
found for mosses, except that the variation accounted for by geographical distance was
significant only when environmental distance based upon micro-scale variables was
controlled for.
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Table 2. Partial Mantel correlations (Sperman’s p) between community similarity and environmental
distance based on micro- and macro-scale variables, controlling for geographical distance (ED|GD)
and vice versa (GDIED), at different grain sizes. Statistical significance of the comparisons was
assessed using partial Mantel tests based on 999 permutations (*** = p <0.001; ** =p <0.01; *=p <
0.05). GD= geographical distance; ED= environmental distance.

Micro-scale variables Macro-scale variables
Distance | Rock Cluster | Site Cluster Site
Bryophytes GDIED | 0.21%%* (.209%** | (0.33%** | 0.11* 0.15%
ED|GD | 0.03 0.01 0.15* 0.29%** 0.37%**
Mosses GDIED | 0.19%%* (.28%** | (0.33%** | 0.12* 0.16%*
ED|GD | 0.01 0.00 0.13* 0.26%*** 0.33%**
Liverworts GDIED | 0.13*** (.]15%* 0.22*%* 1 0.02 0.06
ED|GD | 0.03 0.00 0.12* 0.22%** 0.32%**

Species turnover rates and distance decay patterns at different grain sizes, expressed by the
IS and

HD metrics and analysed by quantile regression

The initial similarity (IS) increased consistently with increasing grain (sampling unit)
size for bryophytes overall, and for mosses and liverworts analysed separately (Table 3).
Halving distance (HD), on the other hand, exhibited the same trend only for bryophytes
(Table 3), while negligible differences among grain sizes were found for mosses and an
unexpected humped-back pattern was observed for liverworts: species turnover first
decreased with increasing grain size and then increased again towards the broadest spatial
scales addressed in this study.

Table 3. Initial similarity (IS) and halving distance (HD) expressed in km for three scales for
bryophytes, mosses and liverworts.

Group Metric Rock Cluster Site
Bryophytes IS 0.36 0.48 0.56
HD 5.97 6.05 7.01

Mosses IS 0.38 0.49 0.60
HD 6.33 6.07 6.00

Liverworts IS 0.57 0.61 0.64
HD 5.71 10.25 8.04

The rate of species turnover (the slope of the quantile regression) for geographic
distance and environmental distance, calculated for macro-scale variables, increased (i.c.,
became more negative) with increasing sample grain, i.e., towards broader spatial scales (Fig.
2 and 3), indicating distance decay of compositional similarity. The same patterns, but less
strong, were observed for environmental distances calculated for micro-scale variables
(figures not shown).
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Table 4: Summary of output from quantile regressions of bryophyte similarity (Jaccard
index) as a function of geographic and environmental distances using micro-scale and
macro-scale variables) for the three spatial scales addressed in this study.

Distance Coefficient Rock Cluster Sample
Geographic Intercept 0.35845%** 0.48712%** 0.56110%**
Slope -0.00003***  -0.00004***  -0.00004***
Environmental (Micro-scale) Intercept 0.324971 #** 0.41959%** 0.55071***
Slope -0.11081*** -0.07075 -0.24371*
seoksk skeksk
Environmental (Macro-scale) Ins(r);eept - _822223* . _83?%3* .

##%p < 0.001; **p < 0.01; *p < 0.05

Ordination analysis and variation partitioning

Multiple parallel ordination analyses showed high concordance (Procrustes
correlation coefficient r = 0.80 — 0.82) between the NMDS and DCA ordinations (Appendix
S4/2). The first axis of corresponding ordinations for all spatial scales were strongly
correlated (Kendall’s T > 0.80; p < 0.001), whereas moderate correlations were observed for
the second axes (Kendall’s T = 0.50; p < 0.001 for the cluster scale only). Two anthropogenic
variables, i.e., vegetation type and tourism pressure, and two environmental variables, i.e.,
distance from the sea and geological type, were significantly correlated with ordination axes
(Fig. 4). The distribution of clusters reproduced the polarization between the two main groups
of sampling localities, semi-natural areas characterized by drier conditions (left) and
historical parks with higher levels of humidity and stronger habitat diversification (right).
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Fig. 4. DCA ordination diagram for the cluster scale with vectors for macro-scale variables fitted by
the envfit function of the vegan R package (999 permutations). Only variables that are significantly
related to the ordination axes (p < 0.05) are shown.
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Variation partitioning shows that, for both bryophytes altogether and for mosses, macro-scale
variables accounted for a higher proportion of explained variation at the cluster than at the
site scale (Table 5) while the proportion of variation in liverwort community composition
explained by macro-scale variables differed but little between these two scales. The high
proportion of explained variation in liverwort community composition at the site scale
explained by macro-scale environmental was entirely due to the unique effect of
anthropogenic variables (not shared by environmental variables). Mosses exhibited an
opposite pattern, with no variation at the site scale explained by anthropogenic variables. In
fact, the relative importance of individual groups of predictors varied strongly among
bryophytes, mosses and liverworts (Table 5).

Table 5. Variation components expressed as percentages of the total explained variation. The
notation follows @kland (2003) by which A U B means the total variation explained by
components A or B, A N B means the variation jointly explained by A and B, and A|B mens
the variation explianed by A not also by B. Variation components: Envir. = Environmental;
Anthro. = Anthropogenic; Bio. = Biotic; Abio. = Abiotic; Spat. = Spatial

Cluster scale

Macroscale predictors Bryophytes Mosses  Liverworts
Envir | (Anthro U

Spat.) 31,58 27,27 20,00
Anthro | (Envir U Spat.) 26,32 31,82 25,00
Spat | (Envir. U Anthro) 0,00 4,55 0,00
(Envir. N Anthro) | Spat. 10,53 9,09 25,00
(Envir. N Spat.) | Anthro. 0,00 9,09 5,00
(Anthro. N Spat.) | Envir. 5,26 4,55 0,00
Anthro. N Envir. N Spat. 26,32 13,64 25,00
Site scale

Macroscale predictors Bryophytes Mosses  Liverworts
Envir | (Anthro U

Spat.) 10,00 11,11 0,00
Anthro | (Envir U Spat.) 0,00 11,11 47,62
Spat | (Envir. U Anthro) 10,00 22,22 9,52
(Envir. N Anthro.) | Spat. 10,00 0,00 14,29
(Envir. N Spat.) | Anthro. 10,00 0,00 9,52
(Anthro. N Spat.) | Envir. 0,00 0,00 0,00
Anthro. N Envir. N Spat. 60,00 55,56 19,05
Site scale

Microscale predictors Bryophytes Mosses  Liverworts
Abio. | (Bio. U Spat.) 33,33 38,46 14,29
Bio. | (Abio. U Spat.) 8,33 0,00 35,71
Spat. | (Abio. U Bio.) 41,67 46,15 28,57
(Abio. N Bio.) | Spat. 0,00 0,00 0,00
(Abio. N Spat.) | Bio. 8,33 15,38 7,14
(Bio. N Spat.) | Abio. 8,33 0,00 14,29
Abio. N Bio. N Spat. 0,00 0,00 0,00
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Overall, significant effects of micro-scale predictors on the variation in species
composition were found neither at the rock nor at the cluster scale (not shown in Table 5),
whereas at the largest grain size, they explained around 42% of the observed variability for
bryophytes, 38% for mosses and 50% for liverworts (Table 5). However, while abiotic factors
exerted the main control on species compositional variation for mosses and bryophytes

overall, biotic variables had the strongest explanatory power for liverworts (Table 5).

Discussion

Relative importance of environmental vs geographical distance

Our results suggest that we cannot univocally assess the relative importance of niche-
based processes vs spatially limited dispersal on species turnover, unless we specify the scale
of investigation, especially in terms of grain size. Specifically, this study highlights that the
relative level of control of environmental and geographical distance over patterns of species
turnover is strongly dependent on the scale at which environmental variables are selected and,
secondarily, on sample grain.

In fact, at both cluster and site scales environmental distance exhibits the strongest
control on patterns of species turnover when based on macro-scale variables (although
geographical distance still has a significant effect), whereas geographical distance is more
important for compositional patterns than micro-scale variables.

The results also show that micro-scale variables become more important relative to
geographical distance with increasing grain size (i.e., from rock to site). This indicates that
rates of species turnover are controlled by an interaction between scale of drivers and sample
grain.

The observed predominance of ecological control over distance decay patterns when
macro-scale variables are considered is in line with the results of Astorga et al. (2012) and
appears to support the species-sorting theory. On the other hand, the lack of effect of micro-
scale predictors on decrease of similarity among sampling units at the rock and cluster scales
suggests that one or both of the following alternative explanations may apply: 1) the selection
of micro-scale variables used in this study does not comprise the most important determinants
of epilithic bryophyte species composition; and 2) that the distribution of species on fine
scales is driven by other processes than environmental selection. Silva et al. (2014) find no
significant effect of environmental variation on epilithic bryophyte community similarity,
thus concluding that stochastic processes related to distance are the major determinants at
both regional and local scales. Moreover, they argue that other factors such as interspecific
competition and size of the selected “islands” need to be taken into account to explain local
patterns. Indeed, according to Chase & Meyers (2011) and Hubbell (2001), species
distributions in isolated “island” environments are subject to a much higher level of
stochasticity than in well-connected environments. In our case, the erratic boulders
representing our smallest sampling units can be regarded as delimited “islands amidst a sea of
soil” (Silva et al. 2014), which accords with the idea that the composition of their biotic
communities is strongly driven by stochastic events.

Our results also imply that macro-scale (or habitat) variables, such as tree cover,
vegetation type or management intensity, exert a much stronger effect on species turnover
rate of epilithic communities than micro-scale ( substrate or biotic) variables, such as lichen
cover, vascular plant cover and size of the rocks.
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The above-described pattern of environmental vs geographical control also holds true
when mosses and liverworts are considered separately, which suggests that there is no
substantial difference between the two main bryophyte taxa with respect to dispersal abilities
and general pattern of response to environmental gradients.

Compositional turnover and distance decay patterns

The quantile regressions show that the decay of community similarity as a function of
larger environmental distances increases with increasing sample grain (from rocks to samples
for micro-scale variables, from clusters to samples for macro-scale variables, Table 4),
whereas the magnitude of distance decay due to geographical distance is rather constant
across scales. The effect of increasing environmental differences on species turnover is thus
expected to be stronger for larger grain sizes. This accords with the initial similarity and the
halving distances being lowest for bryophytes overall and for liverworts for the smallest
sample grain. Indeed, according to neutral theory, the decay of community similarity is
expected to be stronger at short spatial distances (Hubbell, 2001; Jones, Tuomisto, Clark &
Olivas, 20006), all the more so for small organisms that promptly respond to fine scale spatial
variations in the environment, such as bryophytes (Soininen et al., 2007). The observed
patterns confirm the extreme complexity of scale dynamics in biological communities and the
necessity to further investigate this issue.

The difference among the trends of halving distance between mosses and liverworts
are consistent with the former being overall more stress-tolerant and adaptable than the latter,
thus responding less promptly to micro-scale environmental variations. Indeed, liverworts are
particularly sensitive to changes in temperature and humidity levels resulting from increased
solar radiation, e.g., following forest harvesting (Halpern et al., 2014; Nelson & Halpern,
2005), because they are strictly dependent on water availability and overall, more sensitive to
drought than mosses (Hylander, Dynesius, Jonsson. & Nilsson, 2005; Kurschner, 1999;
Oliver, Velten & Wood., 2000; Soderstrom, 1988; ). This could be due to the fact that, unlike
mosses, most liverworts have no internal strand of water-conducting cells (Hébant, 1977,
Kobiyama & Crandall-Stotler, 1999), so that micro-site features conditioning the fine-scale
availability of water can determine a very swift species turnover. However, what makes
mosses overall more desiccation tolerant than liverworts is still mostly unclear and more
studies about the eco-physiology of liverworts are needed.

Ordination analysis and variation partitioning

Ordination analyses identify factors of relevance for supply and retention of air
humidity, such as distance from the sea and vegetation type (semi-natural vs artificial),
respectively, as particularly important for bryophyte species composition. In fact, while the
former indirectly addresses the supplies of water vapour from the ocean to the different sites,
the latter, by defining important structural (density and height of canopy cover) and
physiological (evapotranspiration levels) environmental constraints , accounts for the
permanence of air humidity close to the ground and its availability for bryophytes. Indeed,
the luxuriant vegetation of the historical parks of the Serra provides a suitable habitat for the
occurrence of a rich bryoflora, consisting of species typical of different bio-geographical
regions, among which many hyper-oceanic species with their main distribution in
Macaronesia (e.g., Frullania teneriffae, Hypnum uncinulatum, Lejeunea mandonii,
Marchesinia mackaii, T. alopecurum var. maderense). In contrast, the more open semi-
natural woodlands dominated by invasive species such as Eucalyptus gobulus and Acacia
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melanoxylon, exhibit drier environmental conditions and their bryoflora consists almost
exclusively of sub-Mediterranean and temperate species (e.g., Campylopus pilifer, Hypnum
cupressiforme., Frullania tamarisci).

Our results also indicate that the bedrock type significantly affects bryophyte species
composition, which confirms findings of previous studies (Bates, 1978; Cleavitt et al., 2009;
Shacklette, 1961; Smith, 1982) and highlights the potential importance of substratum
properties in determining diversity of epilithic bryophyte assemblages.

The results of variation partitioning analyses show that, at the cluster scale,
environmental variables play a pivotal role in determining overall bryophyte community
composition, while anthropogenic variables act as the main drivers for mosses and liverworts.
The explanatory power of the selected variables appears to be much weaker at site scale,
especially for mosses (and bryophytes overall), while liverworts remain strongly affected by
anthropogenic variables at the site scale. The effect of human impact is two-fold. On one
hand, management interventions such as forest thinning expose the understory to increased
solar radiation, which is expected to decrease bryophyte ecological fitness (Santi et al. 2016).
Furthermore, a high share of invasive species contributes to impoverishment of soils and
reduction of availability of potential niches for bryophytes. On the other hand, creation of
artificial landscapes characterized by abundance of water, dense canopy cover and a variety
of micro-habitats may provide a suitable habitat for the establishment and maintenance of a
great variety of species by guaranteeing constantly high humidity levels and high substrate
diversification.

Spatial distance affects community composition mainly at site scale, while at cluster
scale no effect on community composition can be seen, neither for bryophytes overall nor for
liverworts, and the effect on mosses is also small. This is probably due to the rather small
distances among the selected clusters.

The main differences between bryophytes overall, mosses and liverworts emerge at
site scale, and for macro-scale as well as micro-scale variables. Unlike the pattern observed
for mosses and bryophytes, environmental variables seemingly affect liverwort community
composition just at cluster scale, which suggests that liverworts react to local conditions and
take advantage of suitable micro-niches. The strong explanatory power of anthropogenic
variables for this group suggests a  key role of human impact for organisms that are
characterized by narrower ecological niches and are more strictly dependent on suitable
conditions provided by artificially built luxuriant habitats. The better balance between
environmental and anthropogenic drivers for mosses than for liverworts accords with the
assumption that mosses cope better with stress and disturbance. Biotic attributes of the rocks,
such as lichen and vascular plant cover, also explain a considerable share of the variation in
the composition of liverworts at all the analysed scales, while they are apparently less
important for mosses. However, from the results of the DCA ordination with fitted micro-
scale variables (Appendix S5), the distribution of liverworts seem to be more strongly
influenced by vascular plant cover than by lichen cover. Specifically, liverworts seem to
occur on rocks characterized by low vascular plant cover, which suggest they tend to avoid
potentially negative effects due to the presence of vascular plants and to occupy undisturbed
and empty niches. As for their relationship with lichens, the segregation of these two groups
is consistent with their different physiological adaptations (e.g., with respect to moisture,
exposure to wind, substrate roughness) which causes them to occupy separate niches.
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Conclusions

From the results of this study, we can draw the following conclusions:

1. The relative importance of environmental vs geographical distance on bryophyte
species turnover in epilithic communities depends on the spatial scale of predictor
selection. In fact, when considering macro-scale environmental predictors distance
decay patterns are primarily driven by environmental distance, while if we consider
micro-scale predictors geographical distance turns out to be the main driver.

2. Overall, we observe that the variables addressed by us drive distance decay patterns
according to a hierarchy of importance: macro-scale > spatial > micro-scale variables.
Indeed, the distance decay of similarity in epilithic communities is mainly driven by
changes in habitat features, while also affected by variations in substrate features at
the largest sample grain size.

3. Despite the similarity of their distance decay patterns, mosses and liverworts differ in
their species turnover rates at the various grain sizes and in their responses to both
habitat and substrate predictors, with the latter exhibiting a higher sensitiveness to
anthropogenic drivers and micro-scale variations.

Our study shows that scale dependency is an important propriety of natural phenomena.

This should therefore be taken into account in studies on species diversity patterns and, in
particular, studies on bryophyte communities. In fact, the understanding of the processes
underlying species distribution and turnover in bryophyte assemblages is important for
selecting the appropriate strategies for conservation of bryophytes and for adapting such
strategies to the scale of management.
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