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Abstract: The study of elevational patterns is a valuable method for inferring the influence of the
climate and other variables in the regional distributions of species. Bryophytes are ideal for revealing
different environmental patterns in elevational studies, since they occur from sea level to above the
tree line. Taking advantage of the long elevational transect of Pico Island and the use of standardized
survey methods, our main aims were: (1) to identify and characterize the alpha and beta diversities
of bryophytes across the full elevational gradient (12 sites of native vegetation, ranging from 10 to
2200 m above sea level [a.s.l.]); (2) to detect the ecological factors driving bryophyte composition; (3)
to identify bryophytes’ substrate specificity; and (4) to check the presence of rare and endemic species.
The identification of 878 microplots yielded 141 species (71 liverworts and 70 mosses), almost half of
those known to occur on Pico Island. The bryophyte species richness followed a parabolic unimodal
pattern with a mid-elevation peak, where the richest native forests occur. A canonical correspondence
analysis (CCA) of the bryophyte composition and explanatory variables revealed the effect of the
elevation, precipitation, disturbance, richness of vascular plants and bark pH in explaining bryophyte
compositions at regional levels. Very few species of bryophytes showed substrate specificity. Pico
Island’s elevational gradient could be an asset for studying long-term changes in bryophyte species
composition and alpha diversity under global change.
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1. Introduction

Bryophytes are an important and ecologically significant component of the vegetation
in many regions of the world [1], and since they are found from sea level to above the
tree line, their communities are ideal for extended elevational studies [2]. Bryophyte
distribution is influenced by several factors both at local and regional levels, such as
precipitation, temperature, humidity [3,4], shade [5], age and composition of the forest [6],
substrate chemistry (e.g., pH [7]) and geographical structure (e.g., size, exposure and
microtopography) [8,9]. Usually, local processes (e.g., biotic interactions between species,
abiotic characteristics of the habitat and disturbance) influence their distribution on a local
scale, whereas regional processes such as historical constraints, as well as immigration
and extinction events (e.g., random colonization and extinction), shape their regional
distribution [10]. The study of the impact of local and regional processes in the distribution
of species is critical for the understanding of the species community assembly [11].

Ecological gradients, such as elevational ones, help to identify the most important
explanatory variables, which may be used to predict species distribution patterns on local
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and regional scales [12]. The bryophyte richness (alpha diversity) and distribution along
elevational gradients have been reported in four main patterns: decrease, increase, mid-
elevational peak and double peak. In Uganda, Tusiime et al. [13] described a decreasing
richness trend with increasing elevation between 1160 m and 2607 m. In Fennoscandia,
Bruun et al. [14] found that the richness of mosses and liverworts followed an increasing
pattern with increasing elevation between 250 m and 1525 m. In the island of La Réunion,
Ah-Peng et al. [15], found a parabolic unimodal pattern with a mid-elevation peak, when
analyzing epiphytic bryophytes from 350 m to 2750 m. In China, Sun et al. [16] showed that
the ground-dwelling bryophyte richness, studied between 2001 m and 4221 m, presented a
double peak of diversity around 2750 m and at the top of the transect.

The current evergreen forests of the Azores, owing to their characteristics (dense shrubs
and ferns, small-statured tree species and a dense and closed canopy) [17] and particular
climate conditions (high levels of atmospheric humidity, moderate temperature and low
rates of evaporation) [18], offer high diversity of microhabitats for bryophyte colonization.
In fact, bryophytes may be found in all type of substrates, such as rocks, soil, humus,
dead wood, trees (bark of trunks and branches) and even living leaves [19,20]. The studies
of Sjögren on native vegetation in the Azores [21,22] suggest that Azorean bryophyte
vegetation presents complex patterns of distribution owing to several factors, such as the
large number of species and their wide ecological ranges. Climate differences within and
among islands also seem to affect the selection of differential species. Gabriel and Bates [7],
working on Terceira Island, found that the distribution of bryophytes in the native forests
was dependent on climate factors such as water availability, physical-chemical aspects
such as the substrate pH, and ecological factors such as the differences among the vascular
plant community. Other studies in forests from different parts of the world showed that
bryophyte species exhibited high fidelity to particular substrates, but that ecological vari-
ables explained a larger proportion of bryophyte species diversity, in particular in species
richness [23].

Pico Island has attracted the attention of several bryologists over the years. The first
study including Pico Island [24] cited only four moss species, but other studies followed
(e.g., [21,25–31]), and that number was updated. In the first checklist of Macaronesia [32],
175 taxa (species and subspecies) were already registered for the island, while Sjögren [33]
cited 246, and more recently, Gabriel et al. [34] referred to 286 (4 hornworts, 121 liverworts
and 161 mosses), which represent c. 60% of the bryophyte richness found in the Azores [35].
However, despite this fair amount of floristic research, practically no ecological studies
were made on Pico Island. Even though bryophytes play important roles in forests and
other vegetation types, the patterns of their local and regional distributions remain poorly
explored. The knowledge about how bryophyte communities are assembled, and how
and why they differ, remains limited. This type of knowledge is essential in community
ecology [36] and in conservation studies, especially in the context of climate change [15,37].

Thus, taking advantage of the long elevational transect of Pico Island and the use
of standardized survey methods, this paper aims to (1) identify and characterize the di-
versity of bryophytes, including alpha and beta diversity patterns, along an elevational
transect on Pico Island (Azores); (2) detect the ecological factors driving bryophyte compo-
sition; (3) identify the substrate specificity of bryophytes along the elevational gradient;
and (4) discuss standardized ecological sampling as a contribution to the global knowledge
of the Azorean flora, especially for rare species.

2. Materials and Methods
2.1. Study Area

Pico Island is set in the central group of the archipelago of the Azores (Portugal) in the
North Atlantic Ocean, between the coordinates 38◦33′57” and 38◦33′44” N and 28◦01′39”
and 28◦32′33” W [38]. Pico Island is the second-largest (445 km2), the highest (2350 m a.s.l.)
and the youngest (0.27 MY) island of the Azores [39].
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The climate is temperate oceanic, with regular and abundant rainfall and high levels
of relative humidity increasing with the elevation. This is also a windy region, especially
during the winter and autumn seasons [18].

The study was mostly conducted in Pico Natural Park (Figure 1), a large protected
area (156 km2 (terrestrial), 79 km2 (maritime)), encompassing the mountain (roughly from
1200 m a.s.l.), native forests and woodlands, several small- to medium-sized lagoons [40]
and the coastal zones. Due to the different bioclimatic belts of the island, the potential
vegetation is quite diversified, including eight formations: Erica-Morella coastal woodlands,
Picconia-Morella lowland forest, Laurus submontane forest, Juniperus-Ilex montane forest,
Juniperus montane forest, Calluna-Juniperus altimontane scrubland, Calluna-Erica subalpine
scrubland and Calluna alpine scrubland [41]. In spite of the fragmented land use of Pico
Island, the collection sites were placed in such way that the real vegetation sampled was
quite similar to the potential vegetation described [42]. Indeed, the lowland areas (0–400
m a.s.l.) were dominated by Erica azorica Hochst. ex Seub., Morella faya (Aiton) Wilbur
and Picconia azorica (Tutin) Knobl., although Pittosporum undulatum Vent. was also present
(especially at 200 m a.s.l.). In the middle elevation areas (600–1000 m a.s.l.), the vegetation
was dominated by Laurus azorica (Seub.) Franco, Juniperus brevifolia (Seub.) Antoine and
Ilex azorica Gand., including a large number of ferns and bryophytes. The intermediate
elevations of Pico Mountain (1200–1600 m a.s.l.) were dominated by Calluna vulgaris (L.)
Hull, with or without Erica azorica, while the upper elevations were mostly colonized by
C. vulgaris, Thymus caespititius Brot. and Cardamine caldeirarum Guthn. ex Seub. growing
among bryophytes and lichens. A total of 88 vascular plant species were recorded in the
present transect, including more than one third (35%) of the indigenous flora and just 5%
of the exotic species found on the island. The maximum relative richness of the indigenous
species was recorded around the middle of the elevational gradient (600–1000 m), while
the exotic species richness peaks at 200–400 m a.s.l., being negligible at the other stations
(<2%). Further descriptions of the habitats may be seen in Coelho et al. [42].

Figure 1. Location of Pico Island in the Azores archipelago (inset, upper right), and the natural
park (in green). Dots show the location of the 12 sampled sites, from Manhenha (10 m a.s.l.) to Pico
Mountain (2200 m a.s.l.), with a 200 m elevational step (September 2012).

2.2. Sampling Design and Fieldwork

During September 4–12, 2012, a longitudinal (east to west) elevational transect was
set across Pico Island Natural Park (except for 400 m a.s.l.), including the best-preserved
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native vegetation areas. Twelve sites were set along this elevational gradient (Figure 1) and
sampled according to BRYOLAT, a standardized protocol originally designed for the study
of bryophyte diversity and distribution along environmental gradients in the tropics and
subtropics [15,43,44].

Some adaptations were included for the Azores, namely identifying phorophyte
species and estimating the light, evaporation, and shelter for each sample according to cat-
egorical variables [7] and collecting samples of soil and bark for pH determination [44,45].
The phorophytes included Calluna vulgaris, Erica azorica, Euphorbia stygiana, H. C. Watson
subsp. stygiana, Ilex azorica, Juniperus brevifolia, Laurus azorica, Morella faya, Myrsine africana
L., Picconia azorica, Pittosporum undulatum, Thymus caespititius and Vaccinium cylindraceum
Sm. (cf. [35,42,46]).

Climate data were obtained from the CIELO model [47–49]. After testing for auto-
correlations, the following variables were considered: annual precipitation (mm), mean
temperature (◦C) and mean relative humidity (%). The vapor pressure deficit (VPD; Pa)
was calculated according to Monteith and Unsworth [50]. The landscape disturbance index
(D) formulated by Cardoso et al. [51] was computed to assess the level of anthropogenic
disruption in each plot.

Along the elevational gradient (from 10 m to 2200 m), 12 sites were selected using a
200 m elevational step. Detailed information regarding the vascular plant composition of
the transect may be seen in Coelho et al. [42]. For bryophytes, two plots of 10 m× 10 m were
set out at 12 elevation sites. Each plot was further subdivided into 25 quadrats (2 m × 2 m),
from which three were randomly selected for the collection of bryophyte species. Within
each quadrat, bryophytes were collected in small sampling units (microplots of 10 cm × 5
cm), obtaining, whenever possible, three replicates per surveyed substrate. The relatively
small size of the microplots allowed the collection of identifiable units, but avoided the
removal of large populations of bryophytes, which was essential to ensure that no harm
would be done to the communities, particularly at low elevations, where their regeneration
is especially slow [22]. In each quadrat, six substrates were assessed: (1) rocks; (2) soil; (3)
humus; (4) dead wood; (5) bark of living trees and shrubs; and (6) living leaves of trees,
shrubs, and fern fronds. Three height levels were considered when analyzing each tree or
shrub: lower (0–50 cm), medium (50–100 cm) and higher stratum (100–200 cm). In each
microplot, the percentage of coverage for each bryophyte species was estimated according
to a seven-level scale proposed by the Braun-Blanquet method [52]: one individual + (1)
1–5%, (2) 5–25%, (3) 25–50%, (4) 50–75%; (5) 75–95%; and (6) 95–100%. Assuming that all
substrates were colonized within the sampling area, a maximum of 144 microplots per site
(two plots of 100 m2) could be retrieved, potentially totaling 1728 microplots. However,
this would be an unrealistic expectation since, since Pico Island does not have trees above
1300 m a.s.l., and soil is scarce due to its geological youth. The number of microplots per
elevation and per substrate may be checked in Table 1.
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Table 1. Distribution of the collected microplots per substrate (RU = rupicolous; TE = terricolous;
HU = humicolous; LI = lignicolous; EP = epiphytic; LF = epiphyllous) for the 12 study sites along the
elevational transect of Pico Island.

Substrate
Elevation
(m a.s.l.)

RU TE HU LI EP LF Total

10 18 3 18 25 64
200 16 5 18 34 73
400 18 11 6 18 40 93
600 15 18 17 54 17 121
800 4 18 18 54 18 112

1000 3 5 18 18 48 18 110
1200 6 12 12 13 36 9 88
1400 8 12 12 3 18 53
1600 17 10 12 17 22 78
1800 18 2 2 7 29
2000 18 1 7 26
2200 18 12 1 31

Total 155 65 117 141 338 62 878
All samples are deposited in AZU-Bry, the herbarium of the University of the Azores.

This protocol accounted for the heterogeneity within each site by the randomized
selection of quadrats of 2 m × 2 m, collection of all microhabitats for bryophytes within
each quadrat, five samples of 50 cm2 per microhabitat and identification of all species
present in a sample of 50 cm2.

2.3. Species Inventory and Sampling Completeness

The complete species’ names are reported in Appendix A, following the latest check-
lists [46,53].

In order to evaluate the completeness of the sampling process, the following pro-
cedures were performed: (1) Species accumulation curves were generated based on a
presence–absence microplot-scale matrix in order to evaluate the tendency of the curve
(SDR-IV: Species Diversity and Richness 4.0 software [54]). (2) First- (Sjack1; Equation
(1)) and second-order Jackknife (Sjack2; Equation (2)), and Chao 2 (SC2; Equation (3)) [55]
estimators were computed. The Jackknife 1 method estimates the total number of species
based on the observed number of species and the number of species that only occur in a
single sample (unique). The Jackknife 2 method also uses the number of species that occur
only in two microplots (duplicates). The Chao 2 method is an adaptation used for presence–
absence data matrixes of the Chao 1 index, using unique and duplicate species instead
of singletons (species represented by one individual) and doubletons (two individuals).
The equations are as follows:

Sjack1 = Sobs + Q1 ((m − 1)/m) (1)

Sjack2 = Sobs + [(Q1 (2m − 3)/m) − (Q2 (m − 2)2/m(m − 1)] (2)

SC2 = Sobs + (Q1
2/2Q2) (3)

where Sjack1, Sjack2 and SC2 correspond to the estimated number of species, Sobs represents
the number of species observed in the sample, m represents the number of microplots,
Q1 is the number of species occurring in only one microplot (unique) and Q2 is the number
of species occurring in only two microplots (duplicate).

2.4. Diversity Measurement

Measuring diversity in species assemblages is not a simple task and cannot be de-
scribed with a single index [56]. Classic measurements of species diversity include the
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number of species (S, or species richness) and two other indices that incorporate the relative
abundance of each species (e.g., Shannon entropy and the Simpson indices), also targeting
dominance in a species assemblage with both the Simpson and Berger–Parker indices [56].
Currently, the most accepted way to quantify abundance-based species diversity is the
use of the effective number of species, also called Hill numbers [57–59]. Hill numbers are
a group of indices that differ only in a single parameter q, in which the higher the value,
the more sensitive the index is to species relative abundances [57]. The conversion of Shan-
non entropy and the Simpson index to the Hill series was made by taking the exponential
of Shannon and the inverse of Simpson, which would thus use the same units as species
richness [57]. With q = 1, all species relative abundances are weighted equally, but at q = 2,
the most abundant species are favored (inverse Simpson), and dominance is targeted in
diversity measurement, or the “effective number of dominant or very abundant species in
the assemblage” [57,59]. An increase in the number of species or a higher homogeneity of
the abundances increases the different diversity values. Therefore, the Hill numbers use
a diversity profile organized in four orders (q) as follows: (1) species richness (S) (q = 0),
taken as a count of the number of species in a particular site; (2) the exponential Shannon–
Wiener (H’) (q = 1) [60]; (3) the inverse of Simpson’s concentration index (D) (q = 2); and
(4) Berger–Parker’s index (d) (q = 3) [61]. The Hill numbers combine information on
species richness, species rarity (species relative abundances) and species dominance [56,62].
The Jackknife statistical test was applied to the exponential Shannon–Wiener, since this
index is highly sensitive to species richness [56]. All indices were calculated using SDR-IV
(Species Diversity and Richness 4.0 software [54]).

To investigate the relationship between species, the richness of bryophytes (S_Bryo)
and elevation were used in a linear regression with a cubic term to account for the non-
linearity of the response variable). As the area of the fragments in which plots were located
may have also influenced the richness of species, regression analysis was first performed
between S_Bryo and the fragments’ area at each elevation. Then, the residuals of that
relationship were used to obtain the final model of S_Bryo with the elevation. A log
transformation of continuous explanatory variables (area and elevation) did not improve
the distribution of residuals and was not implemented. The results for the richness of
liverworts and mosses followed a similar pattern to S_Bryo and are not shown in the results
section.

Beta diversity assesses how different communities are in terms of species composition.
The lower the number of common species among different communities, the higher the
beta diversity is [63]. Similarity coefficients measure beta diversity between pairs of places,
comparing communities in qualitative or quantitative ways. The qualitative Sørensen
similarity index (SSI; Equation (4)) [64] was used to compare the groups of taxa found in
the sampled sites of Pico Island. The SSI varies from zero (no similarity) to 1 (maximum
similarity). It was calculated as

SSI =
2w

m + n
(4)

where w is the number of species common to both communities, m is the total number of
species in the first community but not in the second and n is the total number of species in
the second community but not in the first.

Species composition similarity was also investigated using cluster analysis, both for
elevation and the substrate. Clusters were made with PAST software [54], using Bray–Curtis
ordination and the unweighted pair group average (UPGMA) algorithm. In this method,
the sites or substrates are joined based on the average distance between all members in the
two groups.

2.5. Substrate Specificity of Species

The Lloyd Index of Patchiness (LIP; Equation (5)) [65] was selected to test the gen-
eralized idea that bryophytes in the Azores are not as faithful to substrates as in other
parts of the world. This index is projected to evaluate the frequency of species in different
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substrates, assessing the substrate specificity of each species [7,66]. Thus, the LIP shows if
a particular species exhibits substrate specificity, and it is determined as follows:

LIP =
S2

x − x
x2 + 1 (5)

where Sx
2 corresponds to the value of the variance and x corresponds to the mean value of

the number of microplots in the different substrates assessed in the study.
To standardize the sampling effort among the different substrates, prior to applying

the LIP, the number of microplots where the species were found was divided by the total
number of microplots obtained in that substrate. Thus, the index was only calculated
for species represented by a minimum of six microplots, because that was the number of
substrates from which the species could be collected. Species were considered specialists if
a minimum of 85% of the species records came from one single substrate, which translated
to an index value higher than three.

2.6. Floristic Composition and Ecological Variables

Canonical correspondence analysis (CCA) [54] was performed to obtain the ordina-
tion of bryophyte species according to the sites and to a set of biological, environmental
and climatic variables. This method describes the distribution of species according to
predefined parameters. The data matrix of bryophyte abundance was calculated with the
number of microplots where each species was present. The explanatory variables included
the elevation (ALTI), mean annual precipitation (RAIN), richness of vascular plant species
(S_VA), disturbance index (DIST) [67], bark pH (pH_C), soil pH (pH_S), mean annual
temperature (TEMP), relative humidity (RH), vapor pressure deficit (VPD, Pa), the area of
the fragments where the plots were implemented (A_FR) (land use data extracted from
Azorean governmental agencies [40]) and a surrogate of sampling effort (S_EF), operational-
ized as the number of collected samples per site. All explanatory variables were tested for
autocorrelation, excluding those with correlations higher than 0.75, retaining those with
the highest correlation with the Bryophyte richness (S_Bryo). The first five variables were
used in the CCA. The CCA was performed with PAST software [54], which implemented
the algorithms proposed by Legendre and Legendre [68].

3. Results
3.1. Species Inventory and Sampling Completeness

The 878 sampled microplots yielded a total of 71 liverwort and 70 moss species
(see Appendix A). Due to scarcity of specimens, six liverworts and four mosses were not
identified, while two moss species were identified only at the genus level. Bryophytes
were classified into five classes, 18 orders, 51 families and 89 genera. The overall ratio of
liverwort/moss was 1.01. Three families stood out among the liverworts, presenting more
than five species each: Lejeuneaceae (n = 14; 9.7%), Calypogeiaceae and Lophocoleaceae
(n = 6; 4.2%), while Brachytheciaceae (n = 9; 6.3%) and Leucobryaceae (n = 6; 4.2%) were
the richest moss families.

At the sample level, the ten most frequently recorded species included eight liver-
worts (Cololejeunea microscopica, Drepanolejeunea hamatifolia, Frullania microphylla, F.
tamarisci, F. teneriffae, Lejeunea lamacerina, Plagiochila bifaria and Radula aquilegia) and
two mosses (Hypnum uncinulatum and Thuidium tamariscinum). The most recorded liver-
wort species was Frullania tamarisci (n = 330 microplots; 6.8%), occurring from 10–1800 m
a.s.l., while Hypnum uncinulatum was the most-recorded moss (n = 323 microplots; 6.6%),
occurring from 10–1600 m a.s.l. Both species were found predominantly as epiphytes and
lignicolous. Another six species (three liverworts and three mosses) also exhibited a broad
distribution range, occurring in more than six sites. Most of the species (n = 114; 79.2%)
occurred up to 1000 m, and a fifth (n = 30; 20.8%) was found only above that elevation.
Some species were only recorded once for the whole gradient (nuniques = 19; 13.2%) (e.g., Ca-
lypogeia azorica, C. sphagnicola, Geocalyx graveolens, Heterocladium heteropterum and
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Sciuro-hypnum plumosum). The pleurocarpous moss Antitrichia curtipendula, found at
1600 m a.s.l., was recorded as new for Pico Island and the Azores [69], almost 10 years
after Erik Sjögren had postulated its possible presence on the island [70]. Two endemic
Azorean species (a liverwort, Bazzania azorica, and a moss, Echinodium renauldii [71]),
eight Macaronesian endemic species, five liverworts (Calypogeia azorica, Cheilolejeunea
cedercreutzii, Heteroscyphus denticulatus, Radula wichurae and Telaranea azorica) and
three mosses (Alophosia azorica, Andoa berthelotiana and Isothecium prolixum) were re-
ported from the surveyed sites. Some were new for the sites, especially at lower elevations.
No introduced bryophyte species were recorded in this transect.

Sampling completeness was high for both taxonomic groups, varying from 87.5%
(liverworts; Chao 2) to 94.5% (mosses; Chao 2) (Figure 2). The number of unique entries
exceeded the number of duplicates for every taxonomic group, but the values were similar
between mosses and liverworts. The high values obtained with the three estimators are
reflected in the shape of the mean accumulation curves built for the total number of
bryophytes, liverworts, and mosses (Figure 2), which appear to be reaching an asymptote.

Figure 2. Mean species accumulation curves for bryophytes, liverworts and mosses of Pico Island
using a Jackknife 1 estimator, based on 999 randomized curves.

The completeness of bryophyte samplings along the 12 sites tended to be high, with
all estimators, generally above 80%, reaching values of more than 90% at 1000 m in the
hyper humid forest zone. The lowest values of completeness (about 75%) were found at the
limits of the gradient (200 m and 2000–2200 m) for liverworts, while for mosses, the lowest
values of completeness were lower than 75% (e.g., 58.8% at 10 m a.s.l., Jackknife 1), arising
at several elevational bands, though not necessarily at the extremes.

About 342 records (38.9%) and 98 species (68.1%) were obtained when considering just
three elevational bands (600–1000 m a.s.l.). The highest three elevational sites (above 1600
m a.s.l.) exhibited a lower number of microplots (about 30 per site), records (less than 100)
and species (9–15). These values were only comparable to the lowest elevational site (64
microplots, 135 records and 16 species).

The completeness values among the six different substrates were higher for the epi-
phyllous mosses, probably due to the limited number of species (n = 6) that colonized that
substrate. The humicolous species exhibited values approaching 90% completeness for all
bryophytes and mosses, and the humicolous liverworts showed values of 79.4% (Jackknife
2) and 88.5% (Jackknife 1). Almost 44.9% of the records (n = 2179) and 57.6% of the species
(n = 83) were obtained in the epiphytic microplots (n = 341; 38.8%). The epiphyllous
and terricolous substrates revealed the lowest number of microplots—about 60—but the
numbers of records and species were quite different. While soil exhibited almost half of the
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recorded species (n = 62), leaves and fronds presented only about a quarter (n = 37). The six
substrates revealed a high degree of redundancy, since three of them exhibited more than
half of the species (epiphytic, humicolous and rupicolous), and two of them (lignicolous
and terricolous) showed more than four tenths of the 141 recorded species.

3.2. Species Richness (Alpha Diversity)

The bryophyte species richness distribution along the studied gradient presented a parabolic
unimodal pattern with a mid-elevation peak at 800 m (S = 72), mostly due to liverworts, and
another modal class around 1600 m (S = 38), mostly due to mosses (Figure 3a,b). The model that
described the richness of bryophytes and elevation is described by the polynomial regression in
Equation (6):

S_Bryo = 8.88 + 0.18 ALTI − 0.0002 ALTI 2 + 0.00000004 ALTI 3 (6)

where R2 = 0.899 (Figure 3b). The contribution of the area for this pattern was minimal, since
the model considering the relationship between the residuals of the bryophyte richness and
the fragment area (A_FR) and elevation showed only a small decrease of R2 (R2 = 0.829),
according to the polynomial regression in Equation (7) (Figure 3c):

Residuals_S_Bryo vs. A_FR = − 15.02+ 0.15 ALTI − 0.0002 ALTI 2 + 0.00000004 ALTI 3 (7)

Figure 3. Cont.
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Figure 3. (a) Bryophyte (liverworts and mosses) richness and abundance (number of presences in 50
cm2 microplots; see the secondary axis) and vascular plant richness along Pico Island’s elevational
gradient (S = number of species; A = number of samples). (b) Bryophyte species richness in relation
to elevation. The fitted, dashed line resulted from a polynomial regression model. (c) Residuals of
bryophyte species richness versus fragment area (ha) in relation to elevation. The fitted, dashed line
results from a polynomial regression model. See the text for further details and models.

When considering the total richness of bryophytes, the species-to-families ratio was
higher (above 2.0) in the forest areas (400–1000 m a.s.l.) and above 2000 m a.s.l. This high
ratio could be related to the high number of species at these elevations or to a low number
of families. This pattern was roughly the same for liverworts, but among mosses, the values
were more constant, except at the highest elevation, the only circumstance where the ratio of
moss species/families exceeded 2.0. Values of the same order of magnitude were observed
when comparing different substrates. Epiphytic liverwort species showed the highest ratio
of species/families (above 3.0), and the other three tree-related substrates (dead wood,
leaves and fronds) were also quite high. In contrast, the highest value for mosses (above 2.0)
came from rocky substrates, while the other two ground substrates (soil and humus) also
exhibited relatively high values.

The richness of vascular plants (n = 88), following a hump-shaped pattern (with a
maximum of species at 600 m) along the elevational transect of Pico Island (Figure 3a),
was positively correlated with the richness of bryophyte species (rs = 0.86), liverworts
(rs = 0.81) and, to a lesser extent, mosses (rs = 0.77). The correlation between liverworts
and mosses was lower (rs = 0.65) than either of these groups of bryophytes with vascular
plants. This was probably due to the diversity of mosses from 1200–1600 m a.s.l., where
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the number of moss species was similar to that found on the precedent elevational zone
(600–1000 m), while liverwort richness decreased to less than half.

Richness values varied both with the elevational band and substrate type. The average
number of species per microplot of 50 cm2 was above five (x = 5.5± 4.1), but from 600–1000
m a.s.l., the average number of species per microplot exceeded nine, while values lower
than two were only found at 1800 m a.s.l. Similar patterns were found for liverworts and
mosses. Different substrates also exhibited different average values of bryophyte species
per sample unit (microplot). Microplots gathered on bark (epiphytes) presented the highest
richness values (x = 6.4 ± 4.7), while rock dwellers exhibited the lowest (x = 3.8 ± 2.5).

3.3. Species Diversity (Hill Numbers)

The Hill diversity numbers showed clear differences among different elevational sites
(Table 2) and substrates (Table 3).
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Table 2. Hill numbers for the 12 study sites along the elevational transect of Pico Island (S = richness of species; H’ = Shannon–Wiener index; D = Simpson index; and d = Berger–Parker
index).

Elevation
(m a.s.l.) 10 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 Total

BRYOPHYTES

S (q = 0) 16 32 49 69 72 70 39 31 38 15 10 9 141
H’ 2.28 2.77 3.36 3.55 3.67 3.64 2.92 2.99 3.06 2.45 1.82 1.79 4.11

exp H’ (q = 1) 9.75 15.94 28.65 34.92 39.41 37.92 18.45 19.97 21.23 11.52 6.18 6.01 61.13
D 0.14 0.10 0.05 0.04 0.03 0.04 0.09 0.07 0.06 0.11 0.21 0.20 0.02

1/D (q = 2) 7.38 10.41 20.53 25.64 29.14 27.90 11.40 15.28 15.52 9.49 4.84 5.08 40.48
d 0.25 0.18 0.13 0.07 0.07 0.08 0.20 0.14 0.12 0.20 0.32 0.27 0.07

1/d (q = 3) 3.97 5.56 7.62 13.76 13.73 12.79 5.11 7.10 8.04 4.90 3.11 3.65 15.11

LIVERWORTS

S (q = 0) 7 17 28 48 49 48 18 11 13 4 3 2 71
H’ 1.48 2.10 2.85 3.28 3.39 3.31 2.07 2.05 1.97 1.20 1.07 0.30 3.59

exp H’ (q = 1) 4.37 8.15 17.32 26.49 29.61 27.38 7.93 7.73 7.16 3.31 2.91 1.36 36.09
D 0.28 0.17 0.08 0.05 0.04 0.05 0.22 0.16 0.18 0.34 0.36 0.83 0.04

1/D (q = 2) 3.60 5.97 12.87 19.63 22.55 20.68 4.57 6.32 5.41 2.97 2.81 1.20 26.73
d 0.40 0.25 0.18 0.09 0.10 0.10 0.43 0.28 0.30 0.43 0.45 0.91 0.08

1/d (q = 3) 2.50 4.03 5.48 11.15 10.09 9.79 2.34 3.55 3.29 2.33 2.20 1.10 12.48

MOSSES

S (q = 0) 9 15 21 21 23 22 21 20 25 11 7 7 70
H’ 1.86 2.39 2.53 2.13 2.29 2.38 2.36 2.56 2.65 2.11 1.39 1.56 3.27

exp H’ (q = 1) 6.42 10.95 12.57 8.44 9.82 10.76 10.55 12.89 14.09 8.21 4.02 4.75 26.26
D 0.19 0.11 0.11 0.17 0.15 0.14 0.14 0.10 0.10 0.15 0.30 0.25 0.07

1/D (q = 2) 5.39 9.18 9.30 6.04 6.78 7.33 7.03 9.64 10.11 6.55 3.35 4.05 13.80
d 0.30 0.17 0.18 0.29 0.27 0.27 0.29 0.18 0.19 0.29 0.40 0.32 0.20

1/d (q = 3) 3.33 6.00 5.56 3.44 3.64 3.74 3.40 5.46 5.21 3.50 2.50 3.10 4.88
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Table 3. Hill numbers for the six substrates collected on the transect of Pico Island (S = richness of
species; H’ = Shannon–Wiener index; D = Simpson index; d = Berger–Parker index; RU = rupicolous;
TE = terricolous; HU = humicolous; LI = lignicolous; EP = epiphytic; and LF = epiphyllous).

RU TE HU LI EP LF Total

BRYOPHYTES

S (q = 0) 76 61 74 70 84 38 141
H’ 3.79 3.75 3.84 3.73 3.68 2.89 4.11

exp H’ (q = 1) 44.43 42.63 46.73 41.58 39.74 18.07 61.13
D 0.03 0.03 0.03 0.03 0.03 0.08 0.02

1/D (q = 2) 29.85 32.69 33.58 30.70 28.90 12.84 40.48
d 0.08 0.07 0.07 0.09 0.09 0.14 0.07

1/d (q = 3) 11.92 13.80 14.33 11.39 11.44 7.35 15.11

LIVERWORTS

S (q = 0) 32 29 38 47 51 32 71
H’ 2.90 3.03 3.20 3.41 3.37 2.72 3.59

exp H’ (q = 1) 18.15 20.69 24.63 30.21 29.12 15.24 36.09
D 0.08 0.06 0.05 0.04 0.04 0.09 0.04

1/D (q = 2) 12.44 16.17 18.78 24.19 22.78 11.07 26.73
d 0.19 0.14 0.10 0.08 0.08 0.15 0.08

1/d (q = 3) 5.39 7.20 9.81 12.05 12.72 6.64 12.48

MOSSES

S (q = 0) 47 33 37 23 33 6 70
H’ 3.31 3.12 3.16 2.44 2.36 1.20 3.28

exp H’ (q = 1) 27.34 22.54 23.49 11.41 10.62 3.31 26.58
D 0.06 0.06 0.07 0.14 0.15 0.45 0.07

1/D (q = 2) 17.59 16.63 15.34 7.24 6.53 2.23 13.80
d 0.15 0.11 0.18 0.30 0.32 0.65 0.20

1/d (q = 3) 6.53 8.80 5.54 3.36 3.12 1.54 4.88

For bryophytes and liverworts, the band from 600–1000 m a.s.l. exhibited the highest
diversity values and the lowest dominance, while mosses showed more comparable values
across the 12 elevational sites (Table 2). Among liverworts, the richest sampled sites (S = 48–
49) included almost two thirds of the total number of liverwort species recorded in the
transect (Table 2). Among mosses, the highest diversity value was obtained at 1600 m a.s.l.,
a particularly rich site, harboring 35.7% of all moss species (S = 25). The lowest value of
species richness (S = 7) was recorded at the summit of the mountain (2000–2200 m a.s.l.)
(Table 2).

The results from comparing the Hill numbers’ profiles between elevation bands
showed somewhat contrasting patterns. The richest sites (600–1000 m a.s.l.) also showed
the greater decrease in the effective number of species due to the high dominance of some
species (e.g., Radula aquilegia and Hypnum uncinulatum) and a large number of rare species.
In contrast, particularly at the highest elevations, these numbers stayed more constant,
revealing a high evenness (Figure 4).
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Figure 4. Diversity (Hill numbers) profile for the bryophytes of the different elevational bands in the Pico Island transect.

The three ground substrates (rock, soil and humus) tended to exhibit the highest
diversity and the lowest dominance values, although bryophytes collected on bark (EP)
showed the highest richness of bryophyte species (S = 84) (Table 3).

This pattern was exhibited by mosses but not by liverworts, where tree dwelling
species showed higher diversity values (Table 3). Lignicolous and epiphytic microplots
were the richest sampled substrates (S = 47–51) (Table 3). By contrast, liverworts exhibited
the lowest richness in soil (S = 29) while mosses showed the lowest richness on epiphyllous
substrates (S = 6). For mosses, this low richness was reflected by the low values of the
diversity indices (Table 3).

Regarding the Hill numbers profile, epiphytic bryophyte species stood out due to
their highest overall number of species, dominance and proportion of rare species sharply
contrasting with the epiphylls (LF), which exhibited the lowest effective number of species
(Figure 5).

Figure 5. Diversity (Hill numbers) profile for the different elevational bands in the Pico Island
transect (RU = rupicolous; TE = terricolous; HU = humicolous; LI = lignicolous; EP = epiphytic; and
LF = epiphyllous).
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Mosses growing on rocks (RU) showed the highest effective number of species, while
liverworts followed the general pattern presented in Figure 5.

3.4. Similarities and Differences among Elevational Bands and Substrates

When using the unweighted pair group average algorithm (UPGMA), the bryophyte
species composition among the 12 elevational bands were grouped in four clusters accord-
ing to similarity (Figure 6).

Figure 6. Unweighted pair group average (UPGMA) dendrogram based on Bray–Curtis distance
analysis of the 12 sites along the elevational transect of Pico Island. Elevational sites are clustered by
elevational belt.

The first group separated the microplots collected from the highest elevations (1800–
2200 m a.s.l.), grouping the species growing on the most environmentally challenging
habitat. Among the other three groupings, one aggregates the microplots from the lowest
part of Pico Mountain (1200–1600 m a.s.l.), characterized by a scrub with some of the
vascular plants found in the forests; a group encompassing the three sites placed within
the richest, most dense and complex forest areas (600–1000 m a.s.l.), and, a fourth group
including the sites found at the lowest elevations (10–400 m). A similar grouping was found
for liverworts, while for mosses, the samples collected at 1200 m a.s.l. were combined with
those collected from 600–1000 m a.s.l. (data not shown).

Table 4 presents the Sørensen’s similarity values among the four elevational bands
exhibited by the cluster analysis (Figure 6). The highest similarity values (from 0.52 to
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0.58) were found between the first (low) and second (middle) elevational bands, both for
liverworts and mosses. Mosses also presented relatively high similarity values between
the third (medium-high) and fourth (high) bands (SSI = 0.47), but the same was not true for
the liverworts.

Table 4. Sørensen’s similarity indices (SSIs) between pairs of elevational zones in the Pico Island
transect. (Elevational zones: low, 10–400 m a.s.l.; middle, 600–1000 m a.s.l.; medium-high, 1200–1600
m a.s.l.; and high, 1800–2200 m a.s.l.).

Altitudinal Bands Bryophytes
(n = 141)

Liverworts
(n = 71)

Mosses
(n = 70)

Low–Middle 0.56 0.58 0.52
Low–Medium High 0.39 0.49 0.32

Low–High 0.10 0.06 0.13
Middle–Medium

High 0.41 0.44 0.38

Middle–High 0.12 0.09 0.16
Medium High–High 0.41 0.29 0.47

Table 5 presents the Sørensen’s similarity values among all the pairs of substrates
found in this transect.

Table 5. Sørensen’s similarity indices (SSIs) between pairs of substrates in the Pico Island transect.
The more similar the species composition between two different substrates, the closer the SSI gets
to 1.00 (EP = epiphytic; HU = humicolous; LF = epiphyllic; LI = lignicolous; RU = rupicolous; and
TE = terricolous).

Altitudinal Bands Bryophytes
(n = 141)

Liverworts
(n = 71)

Mosses
(n = 70)

EP–HU 0.54 0.63 0.43
EP–LF 0.59 0.72 0.31
EP–LI 0.74 0.82 0.61
EP–RU 0.53 0.53 0.52

EP–TE 0.51 0.53 0.49
HU–LF 0.46 0.60 0.24
HU–LI 0.60 0.66 0.51
HU–RU 0.67 0.69 0.65
HU–TE 0.70 0.66 0.74

LF–LI 0.63 0.71 0.41
LF–RU 0.37 0.53 0.16
LF–TE 0.38 0.46 0.26
LI–RU 0.52 0.58 0.45
LI–TE 0.56 0.55 0.58
RU–TE 0.66 0.69 0.63

The Sørensen’s similarity values were rather high among liverworts (SSIs from 0.45 to
0.82), which did not happen among the substrates colonized by mosses (SSIs from 0.16 to
0.74). The mosses generally showed lower values of similarity between substrates than
liverworts. Moss species showed a clear separation of the epiphyllous species (LF) from all
other substrates, and moss ground dwellers (HU, RU, and TE) presented the highest SSI
values, especially between humicolous and terricolous species (SSI = 0.74). Liverwort tree
dwellers (EP, LF and LI) exhibited the highest SSI values, especially between epiphytic and
lignicolous species (SSI = 0.82).

3.5. Substrate Specificity of Species

According to the Lloyd index of patchiness (LIP), less than a fifth of the species (n = 22,
11 liverworts and 11 mosses) expressed substrate specificity, with most of the occurrences
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(≥ 80%) taking place in a single substrate (LIP ≥ 3). Three liverwort species showed a
preference toward epiphytic substrates (e.g., Radula carringtonii and R. holtii), while another
three were most frequently found growing on the epiphyllous microhabitat (e.g., Colura
calyptrifolia). Among mosses, five of the 11 were rupicolous (e.g., Fissidens viridulus and
Tortella flavovirens) and two were lignicolous (e.g., Sematophyllum substrumulosum).

3.6. Ecological Factors Influencing Diversity Patterns

The canonical correspondence analysis (CCA) of all of the bryoflora dataset sampled
on Pico Island (141 species), combined with the 12 sites and 5 explanatory variables, yielded
five primary axes with eigen values of 0.587, 0.335, 0.205, 0.166 and 0.080. The first three
axes explained 82.09% of the variation (42.75%, 24.41% and 14.93%) (Figure 7).

Figure 7. Ordination diagram showing the result of the canonical correspondence analysis (CCA) of
the 141 bryophyte species (blue dots) along the first two axes, the 12 sites (open circles) and their corre-
lation with 5 explanatory variables (green segments). The segments show the direction of maximum
variation in the ecological variables; longer segments indicate stronger correlations between variables
and axes. The directions and lengths of the segments show the degree of correlation between species
composition and the explanatory variables. The names of the species with the highest contribution
to the model (38 species of the fourth quartile) are indicated by their abbreviations (Appendix A).
Explanatory variables included the elevation (ALTI), disturbance index (DIST), bark pH (pH_C);
mean annual precipitation (RAIN); and richness of vascular plants (S_VA).

Bryophyte composition was highly correlated with elevation. Species such as Kiaeria
blyttii, Gymnomytrium adustum and several species of the genus Racomitrium appeared
only in the highest part of the elevation gradient, while Zygodon conoideus, Z. viridissimus
or Frullania azorica appeared at the lowest elevations, where precipitation values were
lower and the disturbance values were higher. Oceanic species were mostly found at
the intersection of the two axes related to 600–1000 m elevations, which had the highest
diversity of substrates and the richest and most complex vascular flora of the island.

4. Discussion
4.1. Bryophyte Diversity Patterns along Pico Island’ Elevational Transect (Alpha and Beta
Diversity)

This study, which covered only a small area of Pico Island (12 sites × 2 plots ×
100 m2), allowed the recognition of a large proportion of taxa (species and subspecies)
identified both in the Azores (p = 141/480; 29.4%) and specifically on Pico Island, where the
141 taxa represented about half of all bryophytes known (p = 141/286; 49.3%) for liverworts
(n = 71/121; 58.7%) and mosses (n = 70/161; 43.5%) [34]. None of the four hornwort taxa
known from Pico [34] were recorded within the sampled microplots.

It is also worth mentioning that the sampling completeness values obtained from the
878 microplots for the set of all bryophytes and for the two divisions (liverworts and mosses)
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were generally very good, being above 75%, a common pattern in Macaronesia (e.g., [72,73]).
This contrasts with the richest tropical systems, where high values of sampling completeness
are often not reached [15,74]. For instance, Marline et al. [74], using the same methodology,
could find up to 30 species per 50 cm2 and 225 species of bryophytes for the epiphytic
microhabitat only, showing a higher diversity than the one reported on Pico Island. An
exhaustive sampling of species could be hard to achieve in biodiversity hotspots for such a
diverse group of plants [15].

The bryophytes’ richness distribution presented a parabolic, unimodal patterned
(hump-shaped) relationship with the elevation, showing a peak of richness from 600–
1000 m a.s.l. and a slight increase in richness at 1600 m. The second (much lower) peak was
mainly due to the increase of the number of moss species, both for ground and tree dwellers.
This site appeared to mark the transition to the upper montane landscape, since above it,
there was a marked decrease of vegetation richness and stature. The separation of this
new environment, roughly marked at 1500–1600 m a.s.l., was accepted by the generality of
authors (cf. [42] for a revision), but only Dansereau [75] and Purvis et al. [76] have furthered
the discrimination of different zones, probably because they also included cryptogams
(lichens) in their analysis.

It is also important to notice the small contribution of the area of the fragments
to the local species richness at each elevation (Figure 3b,c), which suggests that local
environmental conditions are more important than area-constrained regional processes
for bryophytes. Patchy vegetation can affect the diversity and distribution of organisms,
especially for vascular plants or animals. Bryophytes, being dispersed by small diaspores,
are not as affected by oceans or disturbed vegetations in their dispersion; the availability
and presence of microhabitats may be the most important limiting factor of their installation.
Within one vegetation belt, bryophytes may be more homogeneously distributed than other
groups of plants or animals.

The hump-shaped pattern recorded on Pico Island is in accordance with several
elevational studies with plants (revision by [77]), mostly with those that studied complete
and long gradients. In fact, such a pattern was found for bryophytes along elevational
gradients in several islands, such as La Réunion [15], Madagascar [78] and La Palma
(Canary Islands) [73] and in the continental transects in Colombia [15,79,80]. In shorter
gradients, such as the ones studied on Terceira Island (Azores; 40–1000 m a.s.l.) [72] and in
the Piton de la Fournaise volcano (Réunion; 250–850 m a.s.l.) [81], the pattern reported was
an increase in the bryophyte diversity with the elevation.

Comparing the shared elevations (from 10 m to 1000 m a.s.l.) and substrates, on Pico
and Terceira [72], it was perceptible that the number of microplots and species was in the
same order of magnitude for both Azorean islands. However, more terricolous (n = 73 vs.
26) and humicolous (n = 106 vs. 61) microplots were collected on the older island (Terceira).
This is in accordance with the geologic matrix of the territory, since Pico is much younger
than Terceira (oldest part: 0.27 vs. 3.52 MY) [39], and thus soil is not similarly evolved [82].
The closest number of microplots per substratum was observed from trees (epiphytes and
epiphyllous), and indeed, this was the preferred substratum in many bryophyte studies
(e.g., [15]) due to the potential diversity it conveys.

Along the 12 sites of the elevational transect on Pico Island, many species of bryophytes
could be observed. However, the maximum richness was achieved at the middle of
the gradient, where the most pristine vegetation could be assessed. In fact, liverworts
predominated over mosses from 200 m to 1000 m a.s.l., with the highest richness (S, H’)
and lowest dominance values (d) found from 600 m to 1000 m (a.s.l.). The high number
of species and frequency is typical of hyper humid environments such as the Azorean
forests all year round (e.g., [18,21]). Favorable climate conditions, mostly related to water
availability (precipitation and relative humidity), are decisive for the effective colonization
of bryophytes. However, the temperature presented better correlation values with the
diversity of species found on Pico Island, possibly because once the water requirements are
satisfied, milder temperatures favor the growth and establishment of species. This climate
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variable was already found to be extremely important in explaining the growth of some
bryophytes [83].

Pico Island revealed higher diversity levels than Terceira Island, possibly due to the
exceptionally well-preserved forests found from 600 m to 1000 m a.s.l., encompassing
the most complex habitats surveyed in the transects. These are also optimal habitats for
epiphyllous bryophytes, since other references for the Azores had mentioned 15 common
epiphyllous species in the same zone [84]. However, as many as 37 species collected in
this study were found colonizing the epiphyllous microhabitat. These results corroborate
the findings of Sjögren [20] based on 30 years of studies in Azorean forests, where the
presence of epiphyllous vegetation, mostly common in tropical rainforests, truly evidenced
the high level of humidity typical of Azorean forests. Species growing on leaves and fronds
should be carefully monitored because epiphyllous species may serve as good indicators
of environmental changes, including climate change, due to their particular sensitivity to
the relative humidity [85,86] and air pollution [87].

4.2. Bryophyte Substrate Specificity along the Elevational Transect

The hypothesis that bryophytes show reduced substrate affinities in the Azorean
forests was proposed by Sjögren [21] and later confirmed by Gabriel and Bates [7] for
native forests. However, this was the first time that it was tested for a longer elevational
gradient. Regarding substrate specificity along the Pico Island transect, only a minority
of species (n = 22; 15.3%) showed substrate specificity according to the Lloyd index of
patchiness. Sjögren [20,22] also observed a minimum specialization of bryophytes per
particular substrate in the Azores, assuming that the species recorded on only one type of
substrate were just a few, contrary to what happens in continental Europe. This may well be
related to the optimal habitat and environmental conditions in the Azores (high humidity
and mild temperature). Only the epiphyllous liverwort Colura calyptrifolia was considered a
specialist in the three studies (cf. [7,20]), which also indicates the heterogeneity of conditions
where bryophytes may grow in the Azores. Moreover, the moss Hypnum uncinulatum is
considered typical of hard rock in Great Britain according to BRYOATT [88], while in this
study, it was recorded on all six substrates, preferably as epiphyte. Something similar
happens with Myurium hochstetteri and other species.

This lack of specialization was also reflected in the high similarity values among the
different substrates, especially for liverworts, which appeared to be able to colonize a wide
range of substrate conditions in different substrates and elevations in Pico Island. This may
be related to the mild climate, lack of pollution and to the physiological characteristics that
appear to confer these plants a high tolerance to desiccation, as suggested by transplant
experiments of Bazzania azorica and Lepidozia cupressina to different elevations [83].

4.3. Bryophyte vs. Vascular Plants

In the present study, the highest diversity of bryophytes species corresponded to the
belts at 600–1000 m a.s.l., which coincided with the richest sites for vascular plants [42],
representing the Laurus submontane forest [41]. These sites were also the richest in en-
demic species, either from the Azores or Macaronesia [71]. This peak of richness may be
partially explained by the presence of tall and wide trees, which add complexity to the
vegetation structure, providing more suitable habitats for bryophyte colonization. This
is different from the conclusions of other studies in different climate conditions, where
the richness of vascular plant species had a negative correlation with that of bryophytes
(e.g., Australia [89]).

However, it was not only at the middle elevations that the presence of bryophytes
showed to be strongly correlated with the distribution of vascular plants. Remarkable simi-
larities were observed in the clusters obtained with vascular plant species and bryophytes.
Both groups responded similarly to elevation- and climate-associated variables. Many plant
species favor high levels of precipitation, high relative humidity and lower evaporation
rates (e.g., [17,83,90]). Besides that, bryophytes can colonize all types of substrates, includ-
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ing bare rocks and the living leaves of taller trees, two quite impermeable substrates where
communities are only able to thrive if the climate values compensate for that shortcoming.
Reinforcing this idea, liverworts were more abundant between 600 m and 1000 m a.s.l.,
showing lower dominance for any given species (e.g., Berger–Parker dominance index).
On the other hand, the dominance of some moss species along the elevational transect was
more obvious at the limits of the gradient, mainly at the mountaintop.

4.4. Rare Species: Uniques and Duplicates

Rare species such as Echinodium renauldii and Antitrichia curtipendula were found in
the field work on Pico Island. In fact, a few shoots of the pleurocarpous endemic moss E.
renauldii were found at 400 m at the Fetais, Piedade site, mostly growing in the soil but also
as an epiphytic on Laurus azorica [71]. This species has been found between 75 m and 1250
m but preferentially around 425 m [84,91,92], mostly in very sheltered habitats like deeply
shaded ravines and craters [20]. It is considered endangered by the International Union for
Conservation of Nature (IUCN) [92], mainly due to climate change and land cover changes
threatening endemic Macaronesian bryophytes (e.g., [37,93,94]).

The finding of the moss Antitrichia curtipendula was also relevant for the archipelago [69].
Growing as an epiphyte on Erica azorica at 1600 m, this large moss was already known from
Macaronesia on both the Canary Islands and the Madeira archipelago but not yet in the
Azores [70]. This species is on the red list of several European countries, such as in Ireland
and Slovakia (near threatened); Germany (vulnerable); and the Netherlands, Poland and
Hungary (endangered) [53].

Besides providing information on rare and endemic species, one striking feature of
this study was the improvement of the knowledge of the distribution of some common
species found in relatively unknown locations of Pico Island (especially at lower elevations).
This information, soon to be added to the Azores Biodiversity Portal [95], will be important
in modeling the present and future distribution of bryophytes, thereby allowing more
security in the predictions and scenarios. Common species are of extreme importance in
the ecosystems, since they shape the world and are largely responsible for all the functions
performed by the ecosystems (e.g., [96,97]), while rare species behave as sentinels for
future environmental changes (e.g., [98]). Following the MOVECLIM studies, the Atlantis
database [95] is now more complete regarding bryoflora of the Azores archipelago, both
for common and rare species. Moreover, much ecological information on the species
(e.g., elevational range, pH and fructification) was also collected for a considerable number
of species occurring in the Azores.

Finally, it is remarkable that in such small sampling units (microplots with only
50 cm2) it was possible to record a maximum of 22 bryophyte species. This evidences the
richness and uniqueness of the Azorean vegetation, corroborating the present complexity
and importance of the existing forests, probably due to a set of favorable conditions:
a temperate climate, high level of humidity and the purity of the air [83,99].

5. Conclusions

The standardized elevational approach used in this study, analyzing only a minimum
fraction of the available area of the island (2400 m2), resulted in a list of almost half (n = 141;
49.3%) of the species present on Pico Island. The middle elevations and the mountain were
rather well studied, but the lower elevations (up to 400 m a.s.l.) were almost unknown in
the bryological literature, and this study greatly increased the information on the richness
of that part of the island.

Concerning the original research questions, it is possible to conclude the following:
(1) The wide range of climatic and geographic conditions along Pico Island’s elevational
gradient (from sea level to the mountain summit) provides a wealth of different habitats
for bryophyte colonization (e.g., high montane areas). In this first study of its complete
elevational transect, it was possible to identify and characterize the bryophyte diversity
growing in six different substrates. Bryophyte richness followed a parabolic unimodal
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pattern, with a peak just below the middle of the gradient (600–1000 m a.s.l.). This peak
evidences the importance of the mature evergreen forest of Pico Island, mostly composed of
indigenous vegetation [42], hosting luxuriant and diverse bryophyte communities. (2) The
diversity and distribution of bryophytes seem to be mostly driven by factors such as
elevation (highly correlated with temperature), vascular plant richness and precipitation,
reinforcing the role of regional processes associated with elevation also found on other
islands (e.g., [66]). (3) Very few bryophyte species showed substrate specificity, confirming
the trends found in previous studies in the Azores [7,66], while some species exhibited a
much wider substrate occurrence than in other European regions [88].

Further studies with historical (e.g., substrate age and landscape change) and spatial
(e.g., land use changes) approaches may contribute to better understanding of the mecha-
nisms that shape the richness trends and species assemblages of the bryophytes from Pico
Island to best preserve these ecosystems.
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Appendix A

Table A1. List of the bryophytes found on Pico Island during the NETBIOME expedition (September 2012) across the elevational transect. Authorities followed Hodgetts et al. [53] (D =
division; Abrev. = abbreviation).

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Bryophyta
Alophosia azorica (Renauld and Cardot) Cardot Al.az 3 1 1 5
Andoa berthelotiana (Mont.) Ochyra An.be 11 23 32 14 3 1 4
Antitrichia curtipendula (Hedw.) Brid. An.cu 15
Brachytheciastrum velutinum (Hedw.) Ignatov and Huttunen Br.ve 1 2
Brachythecium mildeanum (Schimp.) Schimp. Br.mi 1 4 1
Campylopus flexuosus (Hedw.) Brid. Ca.fl 1 2 3 7 1 1
Campylopus fragilis (Brid.) Bruch and Schimp. Ca.fr 11 3
Campylopus pilifer Brid. Ca.pi 4 1
Campylopus pyriformis (Schultz) Brid. Ca.py 2 2 1 2 1
Campylopus shawii Wilson Ca.sh 1 1
Cyclodictyon laetevirens (Hook. and Taylor) Mitt. Cy.la 7
Daltonia lindigiana Hampe Da.li 4 2
Dicranella heteromalla (Hedw.) Schimp. Di.he 1
Dicranum flagellare Hedw. Di.fl 2
Dicranum scottianum Turner Di.sc 1 17 26 34 23 1
Diphyscium foliosum (Hedw.) D.Mohr Di.fo 1 1 1 1
Ditrichum subulatum Hampe Di.su 1 1
Echinodium renauldii (Cardot) Broth. Ec.re 9
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Table A1. Cont.

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Fissidens bryoides Hedw. Fi.br 2 1
Fissidens dubius P. Beauv. Fi.du 1 2
Fissidens serrulatus Brid. Fi.se 4 1 9
Fissidens taxifolius Hedw. Fi.ta 7 18 2 1 1 1
Fissidens viridulus (Sw.) Wahlenb. Fi.vi 4 2
Grimmia elongata Kaulf. Gr.el 1 1
Heterocladium heteropterum (Brid.) Schimp. He.he 1
Heterocladium wulfsbergii I. Hagen He.wu 8 1 2
Hylocomium splendens (Hedw.) Schimp. Hy.sp 25 8
Hymenoloma crispulum (Hedw.) Ochyra Hy.cr 2 3
Hypnum cupressiforme Hedw. Hy.cu 1 6 4 9 4 8
Hypnum uncinulatum Jur. Hy.un 3 8 17 81 75 65 53 8 12
Isothecium interludens Stirt. Is.in 1 2 4 20 2
Isothecium myosuroides Brid. Is.my 18 4
Isothecium prolixum (Mitt.) M. Stech, Sim-Sim, Tangney and D.
Quandt Is.pr 13 29 34 8 1 2

Kiaeria blyttii (Bruch and Schimp.) Broth. Ki.bl 4
Leucobryum glaucum (Hedw.) Ångstr. Le.gl 3 1 2
Leucobryum juniperoideum (Brid.) Müll. Hal. Le.ju 4 1 1
Mnium hornum Hedw. Mn.ho 1
Myurium hochstetteri (Schimp.) Kindb. My.ho 4 36 28 27 1 2 2
Plagiomnium undulatum (Hedw.) T.J. Kop. Pl.un 4
Polytrichum commune Hedw. Po.co 12 12 7
Polytrichum formosum Hedw. Po.fo 1 2
Polytrichum juniperinum Hedw. Po.ju 1
Polytrichum piliferum Hedw. Po.pi 1 3 9 5
Pseudorhynchostegiella duriaei (Mont.) Ignatov and Vanderp. Ps.du 1 1
Pseudoscleropodium purum (Hedw.) M. Fleisch. Ps.pu 4
Pseudotaxiphyllum laetevirens (Dixon and Luisier ex F. Koppe and
Düll) Hedenäs Ps.la 1 1 3 7 2

Ptychostomum torquescens (Bruch and Schimp.) Ros and
Mazimpaka Pt.to 2 1 2

Racomitrium affine (F. Weber and D. Mohr) Lindb. Ra.af 2 7 10 18 20
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Table A1. Cont.

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Racomitrium fasciculare (Hedw.) Brid. Ra.fa 1 12
Racomitrium heterostichum (Hedw.) Brid. Ra.he 1 1 1
Racomitrium lanuginosum (Hedw.) Brid. Ra.la 5 5 3 5 14 19
Rhynchostegiella curviseta (Brid.) Limpr. Rh.cu 9 8 6 1 2
Rhynchostegium confertum (Dicks.) Schimp. Rh.co 1
Rhytidiadelphus loreus (Hedw.) Warnst. Rh.lo 2 1
Rhytidiadelphus squarrosus (Hedw.) Warnst. Rh.sq 3 1
Sciuro-hypnum plumosum (Hedw.) Ignatov and Huttunen Sc.pl 1
Sematophyllum substrumulosum (Hampe) E. Britton Se.su 9 8 3 2
Serpoleskea confervoides (Brid.) Schimp. Se.co 2 2
Sphagnum palustre L. Sp.pa 2
Tetrastichium fontanum (Mitt.) Cardot Te.fo 10 1 5
Tetrastichium virens (Cardot) S.P. Churchill Te.vi 20 12 4
Thamnobryum alopecurum (Hedw.) Gangulee Th.al 3
Thamnobryum maderense (Kindb.) Hedenäs Th.ma 1 6 1 3
Thuidium tamariscinum (Hedw.) Schimp. Th.ta 57 51 22 3 13
Tortella flavovirens (Bruch) Broth. To.fl 15
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D Species Abrev. 10
m
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m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m
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Rhynchostegiella curviseta (Brid.) Limpr. Rh.cu 9 8 6 1 2
Rhynchostegium confertum (Dicks.) Schimp. Rh.co 1
Rhytidiadelphus loreus (Hedw.) Warnst. Rh.lo 2 1
Rhytidiadelphus squarrosus (Hedw.) Warnst. Rh.sq 3 1
Sciuro-hypnum plumosum (Hedw.) Ignatov and Huttunen Sc.pl 1
Sematophyllum substrumulosum (Hampe) E. Britton Se.su 9 8 3 2
Serpoleskea confervoides (Brid.) Schimp. Se.co 2 2
Sphagnum palustre L. Sp.pa 2
Tetrastichium fontanum (Mitt.) Cardot Te.fo 10 1 5
Tetrastichium virens (Cardot) S.P. Churchill Te.vi 20 12 4
Thamnobryum alopecurum (Hedw.) Gangulee Th.al 3
Thamnobryum maderense (Kindb.) Hedenäs Th.ma 1 6 1 3
Thuidium tamariscinum (Hedw.) Schimp. Th.ta 57 51 22 3 13
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Table A1. Cont.

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Tortella flavovirens (Bruch) Broth. To.fl 15
Trichostomum brachydontium Bruch Tr.br 5
Ulota calvescens Wilson Ul.ca 1 2
Ulota crispa (Hedw.) Brid. Ul.cr 15 28
Zygodon conoideus (Dicks.) Hook. and Taylor Zy.co 1
Zygodon viridissimus (Dicks.) Brid. Zy.vi 7 1 1

Marchantiophyta
Aneura pinguis (L.) Dumort. An.pi 2
Bazzania azorica H. Buch and Perss. Ba.az 3 2 32
Blepharostoma trichophyllum (L.) Dumort. Bl.tr 1 3
Calypogeia arguta Nees and Mont. Ca.ar 1 1 1 2 1
Calypogeia azorica Bischl. Ca.az 1
Calypogeia fissa (L.) Raddi Ca.fi 8 12 26 11 2 8 13
Calypogeia muelleriana (Schiffn.) Müll. Frib. Ca.mu 1 2 9
Calypogeia sphagnicola (Arnell and J. Perss.) Warnst. and Loeske Ca.sp 1
Cephalozia bicuspidata (L.) Dumort. Ce.bi 2 6 3
Cheilolejeunea cedercreutzii (H. Buch and Perss.) Grolle Ch.ce 4 5 22
Cololejeunea azorica V. Allorge and Jovet-Ast Co.az 1
Cololejeunea microscopica (Taylor) Schiffn. Co.mi 5 39 47 59 1
Cololejeunea sintenisii (Steph.) Pócs Co.si 9 13 1
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Table A1. Cont.

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Colura calyptrifolia (Hook.) Dumort. Co.ca 5 8 8 15 1
Diplophyllum albicans (L.) Dumort. Di.al 1 11 20 16 6 5
Drepanolejeunea hamatifolia (Hook.) Schiffn. Dr.ha 1 53 31 43 12
Frullania acicularis Hentschel and von Konrat Fr.ac 4 4 48 47 2 1 7 1
Frullania azorica Sim-Sim, Sérgio, Mues and Kraut Fr.az 1 1
Frullania microphylla (Gottsche) Pearson Fr.mi 24 39 29 20 4
Frullania tamarisci (L.) Dumort. Fr.ta 2 8 16 51 30 81 9 12 11 5
Frullania teneriffae (F. Weber) Nees Fr.te 26 28 48 66 9 24 2
Fuscocephaloziopsis crassifolia (Lindenb. and Gottsche) Váňa and L.
Söderstr. Fu.cr 7 10 14 1 2

Geocalyx graveolens (Schrad.) Nees Ge.gr 1
Gymnomitrion adustum Nees Gy.ad 3 10
Harpalejeunea molleri (Steph.) Grolle Ha.mo 8 36 14 4
Herbertus azoricus (Steph.) P.W. Richards He.az 2
Herbertus borealis Crundw. He.bo 1
Heteroscyphus denticulatus (Mitt.) Schiffn. He.de 1 20 1
Jubula hutchinsiae (Hook.) Dumort. Ju.hu 8 15 12
Lejeunea eckloniana Lindenb. Le.ec 5 1
Lejeunea flava (Sw.) Nees Le.fl 4 1
Lejeunea hibernica Bischl., H.A. Mill. and Bonner ex Grolle Le.hi 2 1 4
Lejeunea lamacerina (Steph.) Schiffn. Le.la 15 35 60 75 59 20
Lejeunea patens Lindb. Le.pa 1 10 4
Lepidozia cupressina (Sw.) Lindenb. Le.cu 9 18 25
Lepidozia reptans (L.) Dumort. Le.re 1 9 2
Leptoscyphus porphyrius (Nees) Grolle Le.po 7 8 33
Lophocolea coadunata (Sw.) Mont. Lo.co 3 2 4
Lophocolea fragrans (Moris and De Not.) Gottsche, Lindenb. and
Nees Lo.fr 1 28 9 25 3

Lophocolea heterophylla (Schrad.) Dumort. Lo.he 1
Marchantia polymorpha L. Ma.po 1
Marchesinia mackaii (Hook.) Gray Ma.ma 33 28 4
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Table A1. Cont.

D Species Abrev. 10
m

200
m

400
m

600
m

800
m

1000
m

1200
m

1400
m 1600 m 1800 m 2000 m 2200 m

Marsupella sparsifolia (Lindb.) Dumort. Ma.sp 5 4 1 1 3 1
Metzgeria furcata (L.) Corda Me.fu 2 22 58 9 16 2
Mnioloma fuscum (Lehm.) R.M. Schust. Mn.fu 13 29 21
Myriocoleopsis minutissima (Sm.) R.L. Zhu, Y. Yu and Pócs My.mi 34 13 16 2 1
Nardia scalaris Gray Na.sc 2
Nowellia curvifolia (Dicks.) Mitt. No.cu 13 7 3
Odontoschisma denudatum (Mart.) Dumort. Od.de 1
Pallavicinia lyellii (Hook.) Gray Pa.ly 3
Pellia epiphylla (L.) Corda Pe.ep 2 1 9
Plagiochila bifaria (Sw.) Lindenb. Pl.bi 3 6 73 45 45
Plagiochila exigua (Taylor) Taylor Pl.ex 19 15 13
Plagiochila punctata (Taylor) Taylor Pl.pu 2 5 12 33 6
Plagiochila retrorsa Gottsche Pl.re 2 1
Porella canariensis (F. Weber) Underw. Po.ca 1 12 7 8 3
Porella obtusata (Taylor) Trevis. Po.ob 1 13 7 2
Pseudomarsupidium decipiens (Hook.) Grolle Ps.de 15 15 32
Radula aquilegia (Hook. f. and Taylor) Gottsche, Lindenb. and
Nees Ra.aq 1 75 75 70 2 2

Radula carringtonii J.B. Jack Ra.ca 3 19 39 33 17 1
Radula complanata (L.) Dumort. Ra.co 2 2
Radula holtii Spruce Ra.ho 5 6 6
Radula wichurae Steph. Ra.wi 6 8 12 9 7 2 1 2
Reboulia hemisphaerica (L.) Raddi Re.he 1
Riccardia chamedryfolia (With.) Grolle Ri.ch 4 4
Riccardia multifida (L.) Gray Ri.mu 8 3 3
Saccogyna viticulosa (L.) Dumort. Sa.vi 2 6 16 37 15
Scapania gracilis Lindb. Sc.gr 10 16 33 13
Scapania scandica (Arnell and H. Buch) Macvicar Sc.sc 3
Telaranea azorica (H.Buch and Perss.) Pócs Te.az 5
Telaranea europaea J.J. Engel and G.L. Merr. Te.eu 6 10 13 15 3 1
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