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Introduction

Establishing how biological communities are assembled 
and why they differ are two fundamental topics in commu-
nity ecology (Sutherland et al. 2013). This strenuous task 
involves the study of community structure at various spa-
tial scales, as observed patterns vary according to the scale 
of study (Wiens 1989) and spatial resolution (e.g., Gering 
and Crist 2002). This crucial role of spatial scale in diver-
sity studies was first brought to light by Whittaker (1960), 
when he established the concepts of alpha, beta and gamma 
diversity. According to his multiplicative approach, the over-
all diversity of a given geographic area (gamma diversity) 
could be calculated as the product of diversity within (al-
pha diversity) and among individual site communities (beta 
diversity) in that same area (see Whittaker et al., 2001 for 
a review). However, these components cannot be weighted 
equally when calculating the relative contributions of alpha 
and beta diversity to overall diversity across different spa-
tial scales (Lande 1996, Gering et al. 2003). This problem 
was addressed by Lande (1996), who suggested a partition 
into additive instead of multiplicative components, with all 

diversity components being expressed in the same units in 
order to be directly compared. Despite some critics against 
the additive beta partitioning (Jost et al. 2010), especially for 
producing dependent alpha and beta estimates (Jost 2010), 
the same applies to beta multiplicative, since alpha and beta 
are not completely conditionally independent (Veech and 
Crist 2010). In fact, it has been shown that both approaches 
are very similar and mathematically related (Ricotta 2005). 
In spite of such debate, the additive partitioning of species 
diversity adapted to Whittaker’s alpha, beta and gamma di-
versity concepts is now widely used (Veech et al. 2002) and 
considered to be a logical and statistically valid approach 
(Veech and Crist 2010).

Nevertheless, even though analytical tools are available 
and spatial scale variation has repeatedly proved to be an 
important factor in determining community assembly struc-
ture, many studies end up focusing only on one single scale 
(Williams et al. 2002). Due to the importance of spatial scale 
for diversity patterns, a focus shift to multi-scale studies is 
crucial for the development of informed and comprehensive 
conservation strategies in which management efforts are bet-
ter allocated and, consequently, more effective (Müller and 
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Goßner 2010). Such endeavors are especially important in is-
lands, which behave as biodiversity reservoirs hosting many 
unique species (Paulay 1994) that are particularly vulner-
able to habitat loss due to threats such as land-use change, 
habitat deterioration, biological invasions and climate change 
(Caujapé-Castells et al. 2010, Courchamp et al. 2014). 
Adding to their value as biodiversity repositories, oceanic 
islands have been increasingly used in the last 50 years 
as isolated, bounded and manageable models of biological 
communities, being considered ideal sites in which to make 
predictions regarding community assembly rules (Warren et 
al. 2015). Within these bounded ecosystems, insular floras are 
recognized by their ecological value, with around one quar-
ter of all known vascular taxa being island endemics (Kreft 
et al. 2008). Moreover, most island ecosystems also provide 
good basis for the development of rich bryofloras (Miller and 
Whittier 1990, Sjögren 1997) making bryophytes the ideal 
study subjects.

When used as case studies for multiscale assembly anal-
ysis in islands, bryophyte communities proved to be shaped 
by sets of macroscale, mesoscale and microscale variables, 
some of which are highly correlated (e.g., Suren 1996, 
Andrew and Rodgerson 2003, Gabriel and Bates 2005). 
For New Zealand's South Island’s aquatic bryophytes, mi-
croscale variables (such as stream slope and stability) influ-
ence bryophyte presence but not community composition, 
which appears to be determined by meso- and macroscale 
factors like water quality and land-use (Suren 1996). A joint 
bryophyte-invertebrate composition study in Australia and 
New Zealand, using a four level hierarchical sampling pro-
tocol, reported bryophyte compositional differences between 
biogeographical regions, mountains, elevations and within-
elevation locations (Andrew and Rodgerson 2003). In the 
Azores, Gabriel and Bates (2005) used a three level sampling 
approach (sites > substrates > quadrats) to classify Terceira’s 
natural forest bryophytes into eight community types and 
were able to identify multiscale environmental factors driv-
ing community composition: rainfall at the elevation level, 
pH at the substrate level and distance to the soil and to the 
canopy at the quadrat level.

Building on this knowledge, we used a five-level multi-
scale hierarchical sampling approach (microplots, substrates, 
quadrats, plots and elevations) to determine which spatial 
levels captured the majority of bryophyte diversity in native 
vegetation areas of Terceira Island, Azores. Furthermore, we 
correlated the compositional differences we found with ex-
planatory environmental variables. Starting from the null hy-
pothesis that the observed bryophyte diversity across spatial 
levels did not differ from that expected by random processes, 
we hypothesized that there would be a significant deviation 
between observed and expected diversity across hierarchical 
levels, namely at (1) the substrate level (between different 
substrates), owing to differences in species composition due 
to substrate specificity and (2) at the broadest spatial level 
(between elevational steps) owing to the environmental gra-
dients associated with elevation (climatic and spatial vari-
ables).

Materials and methods

Study area

Located in the middle of the Atlantic Ocean, Terceira is 
one of nine volcanic islands that constitute the Azores archi-
pelago. Extending for 402 km2 and peaking at 1021 m a.s.l., 
the island is characterized by a temperate oceanic climate, 
with high relative humidity, regular precipitation and strong 
dominant SE and NW winds (Forjaz 2004). In the lowlands, 
the mean temperature values oscillate between 15°C and 
25°C, while mean rainfall ranges from 30 mm in July to 130 
mm in January. At higher elevations the weather gets cooler 
and moister, with a mean annual rainfall of more than 2800 
mm and minimum and maximum temperatures of, respec-
tively, less than 6°C and 13°C to 14°C (Forjaz 2004).

The island’s highest point, the Santa Bárbara Volcanic 
Complex, is considered to be a biodiversity hotspot, enfold-
ing some of the archipelago’s best preserved and richest 
natural biotopes (Dias and Mendes 2007). Further down, a 
major part of the island’s interior is occupied by a number 
of volcanic structures, one possible reason why human set-
tlers chose to establish mainly along the coastal lowlands 
(Agostinho 1942)���������������������������������������������. This selective colonization process result-
ed in the destruction of the native lowland vegetation to make 
way for pastureland, used nowadays for rotational crops and 
grazing dairy cattle (Silveira 2013).

Benefiting from the mild and moist climate, Terceira’s 
bryoflora is quite rich, despite the island’s small size and 
isolation �������������������������������������������������    (Gabriel and Bates 2005, Aranda 2013)������������   . It is cur-
rently known to comprise 354 taxa (species and subspecies), 
from which 207 are mosses, 143 are liverworts and four are 
hornworts (Gabriel et al. 2010, updated by Aranda et al. 2014 
and Ellis et al. 2015). This richness is unevenly distributed 
along the island’s elevational gradient, with maxima at mid-
high elevations being correlated with climatic and land-use 
variables and greatly attributed to the habitat preferences of 
liverworts (Henriques et al. 2016). 

Sampling and identification

A transect was projected along the western side of the is-
land, entirely inside the limits of its Natural Park so as to con-
tain the best preserved native vegetation areas. A total of 12 
permanent plots were set up in pairs, from 40 m a.s.l. (Serreta 
lighthouse) to 1000 m a.s.l. (Santa Bárbara Mountain) at a 
200 m elevational step, and sampled from 26-28 Sep 2012.

The sampling methodology followed the BRYOLAT pro-
tocol (Ah-Peng et al. 2012) adapted by Gabriel et al. 2014), 
a multiscale hierarchical sampling protocol for the collec-
tion of bryophytes and ferns along environmental gradients. 
Essentially, two plots of 10 m ×10 m (P1 and P2) are estab-
lished, roughly 10 to 15 m apart, at each of the six elevation 
sites in Terceira Island, securing that the two plots are includ-
ed in the same vegetation type and are true replicates. Each 
plot is then subdivided into 25 quadrats of 2 m × 2 m, three of 
which are randomly selected to be sampled. In each quadrat, 
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three 50 cm2 microplots are collected from rocks, soil, hu-
mus, decomposing wood and leaves (from ferns, shrubs and 
trees). For trees, nine replicates of the 50 cm2 microplots are 
made, three up to 50 cm height, three from 51 cm to 100 cm 
and three above 100 cm, when possible. In each microplot, 
bryophyte species presence/absence is recorded.

Therefore, at each elevation level, 144 microplots could 
potentially be collected if all microhabitats were to be avail-
able and colonized by bryophytes, resulting in a theoretical 
total of 864 microplots for the entire transect. In practice, 636 
samples (totalizing 76% of the possible microplots) were col-
lected and all bryophytes except four were identified to spe-
cies level (3680 identifications). 

Environmental variables

To complement the sampling procedure with information 
about the physical environment of the plots, data on some 
landscape variables, namely average and maximum canopy 
height was also gathered in loco. The canopy height variables 
were determined based on all the woody species present in 
each plot, as is further explained in Gabriel et al. (2014). A 
landscape disturbance index devised by Cardoso et al. (2013) 
was also computed in order to assess the level of anthropo-
genic disruption in each plot. This index takes into account 
the landscape configuration, ranking the disturbance of land 
use types in relation to an undisturbed pristine native forest, 
in which the values of richness and abundance of endemic 
species were maximal and presence of exotic species mini-
mal. The index defines an anthropogenic disturbance gradi-
ent that varies from 0 (no disturbance at all, indicating the 
presence of pristine natural forests) and 100 (maximum pos-
sible disturbance, indicating a prevalence of urban/industrial 
uses). For each 100 m × 100 m cell, the index accounts for 
distance-dependent effects of disturbance, double weighting 
the value of the focal cell compared with the adjacent ones. A 
cell with native forest and surrounded by mostly exotic forest 
will have a high disturbance score, but if exotic forest or other 
non-native habitats are located far away from the focal cell, 
then those habitats will have an almost negligible individual 
influence (see formula and additional details in Cardoso et 
al. 2013).

Climatic data were retrieved from the CIELO Model 
(Azevedo et al. 1999), a simulation of local insular climate 
based on data from a reference meteorological station. As 
variables, we considered the maximum temperature of the 
warmest month, the minimum temperature of the coldest 
month, the precipitation of the driest month, the precipitation 
of the rainiest month and the minimum and maximum rela-
tive air humidity (see Supplementary Material, Appendix S1). 

Data analysis

In order to assess inventory completeness, using the 
smallest available sampling grain seems to produce the most 
precise and unbiased diversity estimations (Hortal et al. 
2006). Thus, species accumulation curves were generated 

based on a��������������������������������������������������� microplot-scale richness matrix and, �������������as only inci-
dence data were used, first- and second-order Jackknife and 
Chao 2 estimators were used to estimate true species richness 
and the sampling effort needed to obtain reliable richness es-
timates. These estimates were the average of 999 random-
izations and were carried out both for the entire data frame 
and separately for each bryophyte division (mosses and liver-
worts) and sampled substrate.

To test our working hypothesis, we applied additive par-
titioning (Lande 1996, Veech et al. 2002) of bryophyte diver-
sity to our transect using a nested hierarchical design of five 
increasingly broader levels: microplots, substrates, quadrats, 
plots and elevations. This methodology models total diversity 
(γ; gamma) as a sum of the average diversities within sam-
pling units (α; alpha diversity) and among sampling units (b; 
beta diversity), the latter across all the scales included in the 
hierarchical design. In our case, the partitioning of species 
diversity is thus expressed as:
g = a1(microplots) + b1(microplots) + b2(substrates) + b3(quadrats) + b4(plots) 
+ b5(elevations)

This approach allows us to disentangle the relative contribu-
tions of the alpha and beta components to overall gamma di-
versity and to generate a null model through a randomization 
procedure (in our case, using 999 random distributions) to 
test the statistical significance of all level-specific alpha and 
beta diversity values.

After determining the most significant diversity com-
ponents along the Island transect, the bulk of dissimilarities 
at both macro- and micro-scale levels was explored. At the 
broadest scale, beta diversity between elevations was de-
composed into its true species replacement or pure turnover 
and richness differences components, according to the beta 
diversity partition methodology proposed by Carvalho et al. 
(2012). In this way it is possible to determine which process 
is originating the dissimilarities among elevations, either the 
gradual substitution of species by other species (replacement) 
and/or the difference in species numbers between communi-
ties (richness differences). Overall beta diversity, replacement 
and richness differences were computed both for adjacent 
elevations and for all possible pairs of elevations. Obtained 
values were plotted against geographic distances between 
elevations, and correlations were tested using Mantel tests.

At the same level, all environmental variables gathered to 
characterize the sites were evaluated concerning their ecolog-
ical significance as diversity predictors for bryophytes. Given 
that these organisms have high water requirements and, as 
such, favour mild and moist habitats, maximum rainfall and 
relative humidity as well as minimum temperature would not 
restrict their distribution. For this reason, these variables were 
not considered. ����������������������������������������������To avoid collinearity, we checked for signifi-
cantly high correlations (r > 0.9; α = 0.005) between the re-
maining six variables using the Pearson product-moment cor-
relation coefficient. After removing three highly correlated 
variables, only minimum rainfall, the disturbance index and 
the maximum canopy height remained to be used in subse-
quent analysis. Jaccard dissimilarity matrices between eleva-
tions were then computed for each variable and the results 
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were tested against overall beta diversity and its components 
using a Mantel test (Legendre and Legendre 1998) to deter-
mine if and how beta diversity correlates with each environ-
mental variable. All the aforementioned analyses were per-
formed using R Statistical Software version 3.3.0, namely the 
BAT and vegan packages.

To explore diversity patterns at the substrate level and to be 
able to compare them with previous studies (namely Gabriel 
and Bates 2005), we used both the Sørensen Similarity Index 
(SSI) and the Lloyd Index of Patchiness (Lloyd 1967). The 
SSI index assesses how different the six sampled substrates 
are in terms of species composition and was calculated as

with m being the total number of species identified in the first 
substrate, n the total number in the second substrate and w the 
number of species common to both substrates (Southwood 
and Henderson 2000) ranging between 0 (no similarity) and 1 
(maximum similarity). Taking the index values into account, 
similar substrata where then grouped into broader categories. 
The Lloyd Index of Patchiness (LIP) was used to determine 
if there are species specialized to particular substrates. It was 
computed as

where  and x are, respectively, the variance and mean of the 
number of presences in each substrate type per species. We 
considered a species to be a specialist if a minimum of 80% 
of the species records came from one single substrate type, 
a percentage which translates to an index value higher than 
4. The index was only calculated for species represented by 
a minimum of six samples (microplots), because the species 
could be collected from six possible substrata. 

Results

Species inventory and sampling completeness

The 636 sampled microplots yielded a total of 92 bryo-
phyte species and subspecies, namely 58 liverworts and 34 
mosses (Supplementary Material, Appendix S2). These taxa 
represent 26% of the island’s bryoflora, with 41% of all liv-
erworts being present in the transect against only 16% of all 
mosses. None of the four hornwort species referred to Terceira 
Island (Gabriel et al. 2010) was recorded within the plots.

Sampling completeness based on three different richness 
estimators is always > 90%, both for all bryophytes (mean of 
96%) and for each separate division (means of 94% for liv-
erworts and 98% for mosses). Accumulation curves for each 
sampled substrate resulted in completeness values ranging 
from 73% (rocks) to 90% (trees) (Supplementary Material, 
Appendix S3). 

Additive partition of bryophyte diversity

Hierarchical diversity partitioning revealed, as hypoth-
esized, a statistically significant deviation between observed 
diversity and random expectations (p < 0.001 for all diversity 
components) (Fig. 1). Differences between elevations were 
the main contribution to beta diversity comprising the bulk 
of bryophyte diversity, closely followed by differences be-
tween substrates and quadrats. The contribution of the eleva-
tion component was always greater than expected by chance 
while that of the substrate component was always lower. 
Looking at the two bryophyte divisions, the elevation compo-
nent weighed more in moss diversity than in liverworts, the 
opposite being true for the substrate component. Also, alpha 
diversity, despite its low contribution, was in reality higher 
than predicted by the null models.

7 
 

restrict their distribution. For this reason, these variables were not considered. To avoid 206 

collinearity, we checked for significantly high correlations (r > 0.9; α = 0.005) between the 207 

remaining six variables using the Pearson product-moment correlation coefficient. After 208 

removing three highly correlated variables, only minimum rainfall, the disturbance index and 209 

the maximum canopy height remained to be used in subsequent analysis. Jaccard dissimilarity 210 

matrices between elevations were then computed for each variable and the results were 211 

tested against overall beta diversity and its components using a Mantel test (Legendre and 212 

Legendre 1998) to determine if and how beta diversity correlates with each environmental 213 

variable. All the aforementioned analyses were performed using R Statistical Software version 214 

3.3.0, namely the BAT and vegan packages. 215 

To explore diversity patterns at the substrate level and to be able to compare them with 216 

previous studies (namely Gabriel and Bates 2005), we used both the Sørensen Similarity Index 217 

(SSI) and the Lloyd Index of Patchiness (Lloyd 1967). The SSI index assesses how different the 218 

six sampled substrates are in terms of species composition and was calculated as 219 

 220 

𝑆𝑆𝐼 = 	
2𝑤

𝑚 + 𝑛
	, 

 221 

with m being the total number of species identified in the first substrate, n the total number in 222 

the second substrate and w the number of species common to both substrates (Southwood 223 

and Henderson 2000) ranging between 0 (no similarity) and 1 (maximum similarity). Taking the 224 

index values into account, similar substrata where then grouped into broader categories. The 225 

Lloyd Index of Patchiness (LIP) was used to determine if there are species specialized to 226 

particular substrates. It was computed as 227 

 228 

𝐿𝐼𝑃 =
𝑆�� 	− 𝑥
𝑥�

	+ 1	, 

 229 

where 𝑆��  and 𝑥 are, respectively, the variance and mean of the number of presences in each 230 

substrate type per species. We considered a species to be a specialist if a minimum of 80% of 231 

the species records came from one single substrate type, a percentage which translates to an 232 

index value higher than 4. The index was only calculated for species represented by a 233 

minimum of six samples (microplots), because the species could be collected from six possible 234 

substrata.  235 

 236 

7 
 

restrict their distribution. For this reason, these variables were not considered. To avoid 206 

collinearity, we checked for significantly high correlations (r > 0.9; α = 0.005) between the 207 

remaining six variables using the Pearson product-moment correlation coefficient. After 208 

removing three highly correlated variables, only minimum rainfall, the disturbance index and 209 

the maximum canopy height remained to be used in subsequent analysis. Jaccard dissimilarity 210 

matrices between elevations were then computed for each variable and the results were 211 

tested against overall beta diversity and its components using a Mantel test (Legendre and 212 

Legendre 1998) to determine if and how beta diversity correlates with each environmental 213 

variable. All the aforementioned analyses were performed using R Statistical Software version 214 

3.3.0, namely the BAT and vegan packages. 215 

To explore diversity patterns at the substrate level and to be able to compare them with 216 

previous studies (namely Gabriel and Bates 2005), we used both the Sørensen Similarity Index 217 

(SSI) and the Lloyd Index of Patchiness (Lloyd 1967). The SSI index assesses how different the 218 

six sampled substrates are in terms of species composition and was calculated as 219 

 220 

𝑆𝑆𝐼 = 	
2𝑤

𝑚 + 𝑛
	, 

 221 

with m being the total number of species identified in the first substrate, n the total number in 222 

the second substrate and w the number of species common to both substrates (Southwood 223 

and Henderson 2000) ranging between 0 (no similarity) and 1 (maximum similarity). Taking the 224 

index values into account, similar substrata where then grouped into broader categories. The 225 

Lloyd Index of Patchiness (LIP) was used to determine if there are species specialized to 226 

particular substrates. It was computed as 227 

 228 

𝐿𝐼𝑃 =
𝑆�� 	− 𝑥
𝑥�

	+ 1	, 

 229 

where 𝑆��  and 𝑥 are, respectively, the variance and mean of the number of presences in each 230 

substrate type per species. We considered a species to be a specialist if a minimum of 80% of 231 

the species records came from one single substrate type, a percentage which translates to an 232 

index value higher than 4. The index was only calculated for species represented by a 233 

minimum of six samples (microplots), because the species could be collected from six possible 234 

substrata.  235 

 236 

24 
 

 653 

 654 
 655 

Figure 1 - Additive partitioning of bryophyte diversity with comparison between observed and 656 

expected contributions of each gamma component, both for all bryophytes taken together and 657 

for each division separately (p < 0.001 for all diversity components). 658 
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Figure 1. Additive 
partitioning of bryo-
phyte diversity with 
comparison between 
observed and expected 
contributions of each 
gamma component, 
both for all bryophytes 
taken together and for 
each division sepa-
rately (p < 0.001 for all 
diversity components).



Regional processes and bryophyte communities 			     		      197 

Partitioning elevation level beta diversity into richness and 
turnover

Computing overall beta diversity for the main gamma 
component (β5, between elevational sites) and partitioning it 
into its richness and replacement elements, we saw that over-
all beta diversity between adjacent elevational sites decreased 
almost linearly along the gradient (y = -0.1166x + 0.8908; r2 

= 0.87; p = 0.02), with bryophyte communities between 600 
m and 1000 m being the most similar and those between 40 m 
and 200 m being the most different of these five pairs. Species 
replacement was the main process causing compositional dif-
ferences between these pairs of adjacent elevation sites and 
its relative contribution to overall beta diversity increased 
with elevation from the 200 m site onward (Fig. 2).

When plotting all possible combinations of pairwise 
distances between elevations for all bryophytes (Fig. 3), we 
obtained a classic distance decay in similarity pattern, with 

overall beta diversity increasing with distance between eleva-
tional sites (Mantel statistic r = 0.63; p = 0.005), mainly due to 
richness differences (r = 0.62; p = 0.036). Dissimilarities were 
smaller between neighboring elevational sites and mostly due 
to replacement (as seen in Figure 2), but between more distant 
sites replacement lost significance and the bulk of dissimilar-
ity was due to differences in the number of species present, 
which increased with elevation (Appendix S1).

Role of environmental variables in elevation level beta  
diversity

Mantel tests of the correlation between overall beta diver-
sity and distance matrices for each of the three environmental 
variables revealed that the minimum relative humidity was 
the most significant beta diversity driver for all taxonomic 
groups: bryophytes (r = 0.86; p= 0.007), liverworts (r = 0.84; 
p = 0.007) and mosses (r = 0.83; p = 0.017).�������������  The correla-
tion of overall beta with anthropogenic disturbance was only 
significant for liverworts (r = 0.58; p =0.026) and maximum 
tree height was not significantly correlated with overall beta 
for any division. Since all significant correlations were posi-
tive, this means that elevational sites more dissimilar between 
them in terms of minimum relative humidity and disturbance 
are also more distinct in their bryophyte species composition.

Substrate level beta diversity

At the substrate level, the Sørensen Similarity Index 
revealed a great resemblance among substrates in terms of 
species composition. More than three quarters of all pairwise 
comparisons (78%) resulted in similarity values above 0.5. 
Looking at the two divisions, liverwort composition is always 
more consistent among substrates than moss composition, ex-
cept when comparing soil and rocks (Table 1).

Taking these similarities into account, we can broadly 
categorize the six substrates as ground substrates (humus, soil 
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Figure 3. Overall beta diversity divided into its 
two components, richness differences and spe-
cies replacement (with two data markers obscured 
by overlap with richness differences at 200 m 
distance) for each possible pair of elevational 
sites along Terceira’s gradient, plotted against el-
evational distance between sites. The calculated 
significant regression lines (solid lines) and 95% 
confidence intervals of the regressions (broken 
lines) are shown for overall beta and richness dif-
ferences.
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Figure 2 – Overall beta diversity divided into its two components, richness differences and 663 

species replacement for each pair of adjacent elevational sites along Terceira’s gradient. 664 
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Figure 2. Overall beta diversity divided into its two components, 
richness differences and species replacement for each pair of ad-
jacent elevational sites along Terceira’s gradient.
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and rocks) and tree substrates (decomposing wood, trees and 
leaves). Looking, for each substrate, at the number of records 
in proportion to the number of collected samples (Fig. 4), we 
can see that terricolous samples yielded more records than 
any other substrate. Also, the bulk of records correspond to 
the presence of liverworts, regardless of the substrate. The 
presence of mosses was more expressive on the ground sub-
strates and less on the tree substrates, being almost immate-
rial in leaves.

Complementing these findings, Lloyd's index of patchi-
ness (LIP) revealed only nine substrate-specialized species 
(LIP > 4), five mosses (Fissidens taxifolius, Isothecium pro-
lixum, Myurium hochstetteri, Polytrichastrum formosum 
and Tortella flavovirens) and four liverworts (Cololejeunea 
azorica, Fuscocephaloziopsis connivens, Lophocolea het-
erophylla and Pseudomarsupidium decipiens). Two of these 
mosses specialize on colonizing rocks (F. taxifolius and T. 

flavovirens) while I. prolixum (a Macaronesian endemic) and 
M. hochstetteri predominate on trees. The moss P. formosum 
and the liverwort F. connivens are humiculous specialists and 
the remaining liverworts appear preferentially as epiphytes.

Discussion

Species inventory and sampling completeness

Despite the high sampling completeness values, the alpha 
component constitutes less than 10% of total bryophyte diver-
sity for the studied elevational transect, with species invento-
ry only managing to capture 26% of the island’s known taxa. 
Nonetheless, it is important to point out that sampling efforts 
were focused only on a western section of the island and in 
just one habitat category, native vegetation. This is merely 
one of five main land uses in the island, the others being so-

Table 1. Sørensen Similarity between pairs of substrate types for all bryophytes taken together and for liverworts and mosses separately. 
The more similar the species composition between a pair of substrata, the closer the index gets to 1.00.

Substrata All bryophytes Liverworts Mosses
Humus vs. Soil 0.80 0.81 0.78
Humus vs. Rock 0.60 0.66 0.51
Humus vs. Decaying wood 0.74 0.83 0.59
Humus vs. Trees 0.68 0.69 0.65
Humus vs. Leaves 0.49 0.57 0.33
Soil vs. Rock 0.59 0.58 0.60
Soil vs. Decaying wood 0.77 0.82 0.67
Soil vs. Trees 0.70 0.71 0.68
Soil vs. Leaves 0.47 0.56 0.32
Rock vs. Decaying wood 0.65 0.70 0.53
Rock vs. Trees 0.56 0.61 0.44
Rock vs. Leaves 0.36 0.43 0.21
Decaying wood vs. Trees 0.79 0.80 0.76
Decaying wood vs. Leaves 0.58 0.65 0.38
Trees vs. Leaves 0.53 0.56 0.43
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cial areas, exotic forests, intensive pastures and semi-natural 
pastures (Aranda et al. 2010), and though most anthropogenic 
habitats do not seem to exclusively harbor any bryophyte spe-
cies, some taxa have only been reported for specific habitats 
not covered by this sampling protocol, like Riccia ligula in 
intensive pastures (Gabriel et al. 2011) and several Sphagnum 
species in peatlands (Bates and Gabriel 1997, Dias et al. 
2009). The importance of local richness could thus vary be-
tween different land-uses (as reported by Aranda et al., 2010), 
an hypothesis worth exploring in future studies.

Additive partition of bryophyte diversity

Beta diversity proved to be the most important element of 
gamma diversity for the transect’s bryoflora, with the broad-
scale beta component being greater than expected and con-
stituting more than 50% of total diversity. The substrate and 
quadrat components, despite contributing less than expected 
by chance, are the second most important beta elements, mak-
ing for 13% and 11% respectively of gamma (almost 14% and 
12% for liverworts and 10.5% and 10,8% for mosses), sug-
gesting that the large scale effects of elevation and its associ-
ated climatic gradients lead the way in structuring the rich-
ness and composition of bryophytes in Terceira’s natural for-
est patches, but small scale substrate and quadrat preferences 
are also important in promoting diversity. In turn, mesoscale 
sampling levels (plots) explain less variation. Similar results 
have been reported, namely by Mills and Macdonald (2004), 
which concluded that microscale variables (substrate type 
and properties) are more important as bryophyte diversity 
predictors than mesoscale (plot level) variables in Canadian 
boreal stands.

Looking at the two bryophyte divisions, moss diversity 
is the most dependent on elevation differences. This corrobo-
rates the findings of previous studies that reported a tendency 
of some of the island’s moss species to be narrow-ranged, 
especially at low elevations (Henriques et al. 2016). In addi-
tion, it also supports the fact that, when examined separately, 
species turnover proved to be more important for moss as-
semblages than for liverworts (results not shown), indicating 
a higher rate of species substitution along the gradient for 
mosses, mirroring the pattern recently described by Spitale 
(2016) for the Italian Alps spruce forest bryophytes. As for 
liverworts, more dependent than mosses on the substrate 
component, it is worth mentioning that two of the sampled 
endemics, Bazzania azorica and Telaranea azorica, when 
present as epiphytes were found exclusively on the endemic 
phorophyte Juniperus brevifolia, reinforcing the idea that this 
species is an important substrate to several taxa in the Azores, 
from arthropods to bryophytes (Nunes et al. 2015).

Partitioning elevation level beta diversity into richness and 
turnover

Unsurprisingly, as distance between elevational sites in-
creases, compositional differences also increase, these being 
mainly due to the increment in bryophyte richness along the 
transect, reaching its optimum at 600 m with 54 species and 

then stabilizing at 49 species in the last two sites (Appendix 
S1). This distance decay of similarity (Soininen et al. 2007) 
echoes the decrease in environmental similarity with distance, 
causing differences in species composition according to their 
physiological preferences (Nekola and White 1999). In this 
case, Terceira’s bryophyte���������������������������������� richness peaks at mid-high eleva-
tions due to optimum temperature and humidity conditions, 
as previously reported (Henriques et al. 2016). However, 
when restricting our analysis to each pair of adjacent sites, we 
find that species turnover is the main process at work, indicat-
ing a gradual gain and loss of species along the gradient due 
to environmental filtering, competition and historical events, 
such as disturbance (Legendre 2014). The importance of this 
component is highest between the two lowest elevations, the 
two most disturbed sites, and disturbance is known to have 
a positive effect on beta diversity by increasing the variabil-
ity of abundances and changes in species identities (Warwick 
and Clarke 1993). The importance of richness differences for 
overall beta increases with distance between sites, accompa-
nying an increase in species numbers along this small eleva-
tional gradient.

Role of environmental variables in elevation level beta  
diversity

The most significant correlate of bryophyte beta diversity 
at the regional scale is minimum relative humidity, followed 
by the disturbance index. In fact, communities of moister 
sites at mid-high elevation which also occur in less disturbed 
forest patches harbor a consistently richer bryoflora (Dias et 
al. 2005), differing also less in terms of bryophyte species 
composition. As bryophytes are largely ectohydric, lacking 
typical internal conducting tissues and absorbing water and 
nutrients over the whole surface of their gametophytes, they 
favor moistness availability in the atmosphere (Tuba et al. 
2011, Song et al. 2015), which can explain this pattern. This 
correlation is particularly significant for liverworts and not so 
much for mosses. This is probably due to the fact that most 
leafy liverworts have lower desiccation tolerances and require 
damper conditions than mosses, which are better adapted to 
preserve water (Gabriel 2000, Grau et al. 2007).

Substrate level beta diversity

At the substrate scale, the low rate of specialization of 
the transect’s bryophytes (nine out of 92 taxa, approximately 
10%) along with the high similarity values between most sub-
strates (soil and humus, leaves and trees) can explain why 
the contribution of the substrate component of beta diversity 
is consistently lower than would be expected by chance. On 
the whole, the different substrates end up creating some eco-
logical redundancy, with most species being present in mul-
tiple substrates and most substrates supporting a wide variety 
of species, a pattern already reported for the archipelago’s 
bryoflora (Sjögren 2003, Gabriel and Bates 2005). This 
lack of substratum preference was tentatively explained by 
Sjögren (2003) as the result of optimal habitat conditions in 
the Azores, with substrate preferences appearing to be more 
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obvious when species occur at the margin of their survival 
ability (Sjögren 1997, Wagner et al. 2015).

Since biodiversity is an innately spatial concept (Bennie 
et al. 2011), understanding how it varies with scale is essen-
tial to identify what drives it and which spatial extents are 
more appropriate as the focus of management and conserva-
tion efforts intending to maintain it. In this context, our work 
shows that any attempts to evaluate and/or safeguard bryo-
phyte (and particularly moss) diversity in Terceira can only 
be valid if including multiple sites within different elevations, 
from the seashore to the top of the island. These findings add 
an extra layer to the knowledge of bryophyte diversity pat-
terns in Terceira, providing land-use planners with informa-
tion that may help structure regional bryophyte conservation 
strategies. For example, broad scale approaches such as the 
protection and rehabilitation of additional natural vegetation 
patches at different elevations (mainly in the lowlands, where 
native forests are all but gone) will be more effective in add-
ing to and conserving bryophyte diversity than management 
approaches directed at maintaining and improving bryophyte 
species richness and abundances within existing sites.
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