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ABSTRACT ARTICLE HISTORY
Polylepis: forests are the world’s highest forests in terms of elevation and host a unique Received 30 March 2020
biodiversity of plants and animals. Unfortunately, these forests are rapidly disappearing due Accepted 28 July 2020

to human impact and are one of the most threatened ecosystems of South America. This paper KEYWORDS

deals with liverwort diversity in Polylepis forests of Ecuador. Liverworts are very diverse in Biogeography; bryophytes;
tropical forests and are sensitive indicators of changes in humidity conditions. By comparing climate indicators; life form:
species richness, species composition and composition of functional groups of liverworts in dry Marchantiophyta; tropical
and humid Polylepis forest, we explore how liverwort diversity of Polylepis forests is affected by Andes

climatic conditions differing in humidity. We inventoried liverwort diversity in Polylepis pauta

forest of Lagunas de Mojanda reserve characterized by a relatively dry climate and in the

paramo of Papallacta with a humid climate. In each site, we sampled liverworts on 10 P. pauta

trees and surrounding soil. Species richness was highest in the humid forest and species

composition in the two sites differed significantly. The two sites also had very different patterns

of functional groups, with smooth mats dominating the liverwort flora of Mojanda while rough

mats prevailed at Papallacta. This underscores the importance of bryophyte life forms as

climate indicators in tropical forests. A phytogeographic comparison of the two sites showed

a higher number of northern Andean taxa in the humid forest. The greater representation of

species with restricted ranges in humid Polylepis forest shows the importance of these forests

for conservation.

Introduction environmental factors and specific morphological
traits of liverworts, such as life form, life strategy
and leaf characters [19-22].

This paper deals with the diversity of liverworts in
high-Andean forests dominated by species of Polylepis
(Rosaceae). Polylepis forests are the world’s highest
forests in terms of elevation, reaching up to almost
5000 m, and are distributed throughout the Andes,
from Venezuela to northern Argentina and Chile,
where they occur as arboreal islands in a matrix of
grassland and scrub [23]. These forests host a unique
biodiversity of plants and animals [24-26] and several
undescribed species of liverworts were recently
detected in Polylepis forests [27-29]. Polylepis forests
are also of great importance to the local communities
by supplying building material, firewood, etc. [30].
Unfortunately, these forests are rapidly disappearing
due to fire and cattle grazing and have become one of
South America’s most threatened ecosystem [31,32].

Polylepis trees stand out by their gnarled shape and
twisted trunks and branches, considered adaptations
to growth in harsh environments. The bark of the trees
is typically reddish in color and strongly exfoliating.
Thickness and length of the shredded bark segments
differs somewhat among species [28]. In spite of their

Liverworts (Marchantiophyta) are the second largest
group of the bryophytes, after the mosses, and
contain more than 5000 species worldwide [1].
They abound as epiphytes in moist tropical forests
where they diversified during the late Cretaceous
and early Cenozoic with the rise and spread of
angiosperm-dominated forests [2-4]. In tropical low-
land forests, liverworts are 3-4 times more speciose
than mosses and their diversity peaks in lowland
cloud forests [5-7]. Along elevational gradients,
the contribution of liverworts to overall bryophyte
diversity increases with humidity, much more
strongly so than of mosses [8-11]. Liverworts play
an important role in the hydrology and nutrient
cycles of montane cloud forests by intercepting
precipitation and diversifying and changing nutrient
pathways, both spatially and temporally [12-15].
Due to the lack of a protective cuticle, they are
sensitive indicators of changes in humidity, and
disturbance of the microclimatic gradient in tropical
forests may result in rapid composition changes of
the liverwort assemblages [16-18]. Several studies
have shown the strong correlation beween
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exfoliating bark, Polylepis trees may host a rich epiphy-
tic flora including numerous species of bryophytes and
lichens and a considerable number of vascular plant
species. As shown by Sylvester et al. [33], many epi-
phyte species reach their highest elevational limits in
Polylepis forests. Several recent studies have dealt with
bryophyte diversity of Polylepis forests (see Delgado &
Ledén-Vargas [34] and Gradstein & Ledn-Yanez [27] for
reviews). Aldana [35] and Delgado & Le6n-Vargas [34]
recorded high diversity of mosses in Polylepis forests of
Bolivia and Venezuela and Gradstein & Ledn-Yanez [27]
reported a rich liverwort flora in Polylepis forest of
Ecuador. The results showed the importance of
Polylepis forests as bryophyte habitats. Moreover,
they indicated that liverworts are more diverse in
humid forests whereas mosses predominate in drier
forests. These data are in agreement with Parolly &
Kirschner [20] who reported the occurrence of differ-
ent cryptogamic epiphyte communities in dry and
humid Polylepis forests.

The present paper focuses on liverwort diversity in
Polylepis forests under different climatic conditions,
especially humidity. By comparing species richness,
species composition and life forms of liverworts in
seasonal and everwet P. pauta forests, we explore the
importance of the climate in enhancing liverwort
diversity in these forests.

Materials and methods
Study sites

We conducted fieldwork in Polylepis pauta forests
(Figure 1) in the paramo of Papallacta and reserve
“Lagunas de Mojanda” in Central Ecuador. The stu-
died forests of Papallacta are located on the border
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of the provinces of Pichincha and Napo along the
road from Quito to Baeza, just before the pass (0°
20' S, 78° 12’ W), at an elevation of about 4000 m a.
s.I. The area has a humid, everwet climate due to its
location on the windward slope of the Eastern
Cordillera of the Andes, where the trade winds
from the Amazon basin cause high rainfall and
frequent cloudiness [36,37] (Table 1). Annual rainfall
in 2017 was about 1800 mm and a distinct dry
season is absent. Cloud frequency is high and
dense fog events occur during ca. 120 days
per year [38]. The P. pauta-dominated forests
(Polylepetum pautae Lauer et al.) [38] consist of
small, remnant patches within a bunchgrass
paramo landscape. A description of the forest vege-
tation was given by Lauer et al. [38], the cryptoga-
mic epiphyte vegetation was described by Parolly &
Karschner [20]. Liverworts are more abundant than
mosses and cover the forest floor and the trunks of
the Polylepis trees [27]. Higher up on branches of
the trees, liverworts are less conspicuous and are
replaced, in part, by robust acrocarpous mosses
(e.g., Campylopus spp. Chorisodontium spp.,
Dicranum frigidum, Leptodontium spp., Zygodon
spp.) and foliose lichens (e.g., Hypotrachyna spp.,
Everniastrum spp., Sticta spp.).

Lagunas de Mojanda is a municipal nature reserve on
the border of the provinces of Pichincha and Imbabura
(0°7'N, 78°15" W), situated at an elevation of
3700-4350 m a.s.l. The area is volcanic and mainly com-
posed of a large caldera of Late Pleistocene age [39]. The
caldera is occupied by three lakes: a large lake,
“Caricocha”, in the west, a smaller lake, “Huarmicocha”,
in the east and a tiny third lake, “Yanacocha”, uphill. The
area has a seasonal, relatively dry climate due to its
position in the inter-Andean valley, on the leeward

Figure 1. Interior of Polylepis dry forest (a) and humid forest (b), showing bryophyte cover.
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Table 1. Climate and habitat of Lagunas de Mojanda and
paramo of Papallacta [37-42].

Mojanda Papallacta
Elevation (m) 3725-3850 4000
Slope leeward windward
Soil peaty peaty
Climate seasonal everwet
Annual precipitation (mm) 1000-1300 ca. 1800
Average length of the dry season 4 months 0 months
Cloud frequency low high

side of the Western Cordillera. Average annual precipi-
tation is 1000-1300 mm, with a prolonged dry season
during May-September [40], and cloud frequency is low
[41]. Annual precipitation is significantly lower than in
the paramo of Papallacta (Table 1). The Polylepis forests
of Lagunas de Mojanda are situated between 3725 and
3850 m a.s.l. within a bunchgrass paramo landscape and
cover relatively large surface areas. They are dominated
by Polylepis pauta' and P. incana, accompanied by
Hedyosmum angustifolium, Gynoxys acostae, Miconia
spp., Oreopanax andreanus, Gynoxys acostae, Buddleja
pinchinchensis and other woody species. Introduced
P. racemosa occurs in the open paramo and putative
Polylepis hybrids are seen at the forest margins.
Bryophytes are rather abundant on the P. pauta trees
with robust mosses, such as Neckera spp., Macromitrium
spp., Thuidium peruvianum and Porotrichum spp. dom-
inating the epiphytic vegetation. Liverworts are much
less conspicuous than mosses. The peaty forest soil is
only sparsely covered by bryophytes with the mosses
Leptodontium luteum and Plagiomnium rhynchophorum
being the most common terrestrial bryophyte species.

Data collection and analysis

We collected liverworts in three P. pauta forests at
Papallacta and in two forests at Mojanda. In each
locality we haphazardly collected liverworts on the
trunks and branches of P. pauta trees (11 trees in
total at Mojanda, nine trees at Papallacta) up to
about 2.5 m height. Distance between sampled trees
was minimally 10 m. Because of the close similarity of
the bryophyte communities of trunk bases and the
forest floor in terms of species composition [43] we
also collected terrestrial liverworts growing near the
sampled trees, to up to 1 m away from trunk base. We
made 57 liverwort collections in Polylepis forest at
Papallacta and 75 at Mojanda; the majority of the
collections were from bark. A few additional species
records from the P. pauta forests of the study sites
(collections in QCA) were also taken into account.
These included Bazzania placophylla, Cheilolejeunea
oncophylla, Frullania intumescens Leiomitra sprucei,
Lepicolea pruinosa and Metzgeria dorsipara from
Papallacta (various collectors) and Anoplolejeunea con-
ferta, Leiomitra flaccida and Porella leiboldii (leg.
P. Ramsay) from Mojanda. For analysis of functional
diversity of liverworts, we recognized three broad func-
tional groups [44,45]: 1) smooth mats (including tight
mats and loose mats), 2) rough mats (including tails
and wefts), 3) pendant species (Figure 2). All collections
were identified or verified using “The Liverworts and
Hornworts of Colombia and Ecuador” [29] and vou-
chers were deposited in herbarium QCA with selected
duplicates in PC.

Figure 2. Life forms of liverworts: pendant species (a), smooth mat (b), rough mat (c, d).



Results and discussion
Species richness

A total of 35 liverwort species (in 11 families) were
recorded on P. pauta trees and soil in Lagunas de
Mojanda and 47 species (18 families) in the paramo
of Papallacta (Table 2). The great majority of the spe-
cies occurred on bark; seven species were recorded
from soil at Papallacta and two at Mojanda. The terres-
trial species also occurred on bark (tree bases) with two
exceptions: Jensensia spinosa was only found on soil at
Papallacta and Plagiochila ovata was exclusively terres-
trial at Mojanda (but also epiphytic at Papallacta).
A species accumulation curve (not shown) of 10
P. pauta trees at Lagunas de Mojanda indicated that
liverwort sampling was representative. Five trees
yielded 90% of the species and an asymptote was
reached by sampling 8 trees. The data support the
notion that the minimum area of epiphytic bryophytes
in tropical forests is rather small and that sampling of
few trees may be sufficient for representative sampling
[46,47].

Liverwort species richness was 30% higher in
Papallacta than in Mojanda, in spite of the fact that
we observed more samples from Mojanda. At the
family level, the difference was even more pro-
nounced, being 60% higher in Papallacta (Table 2). At
the lifestyle level (epiphytic, terrestrial), richness of
epiphytic liverworts was similar to total liverwort rich-
ness but richness of terrestrial species was about three
times higher at Papallacta. The higher richness in the
Polylepis forests of Papallacta coincides with the humid
climate at this site and is in agreement with Gareca
et al. [23] who found that plant and bird diversity in
Bolivian Polylepis forests increased with precipitation.
The latter authors also found that length of the grow-
ing season and elevation play a role, with species rich-
ness increasing under longer growing season regimes
while decreasing towards higher elevation. The higher
richness of terrestrial species at Papallacta may also be
due to the greater abundance of humus on the forest
floor at this site (field observation).

A comparison of liverwort diversity in eight different
Polylepis forest sites across the Andes shows consider-
able variation in species richness (Table 3). Richness
was lowest in P. sericea forests of Colombia and
Venezuela and on P. incana forest of Ecuador, with
only 12 species recorded at each site. In contrast,
much higher species numbers (>30) were found in
the P. pauta forests of Ecuador, with richness peaking
in the forests of Papallacta, and in P. racemosa forests
of Peru (Chachapoyas). Somewhat lower numbers
(20-25 spp.) were recorded in P. reticulata forests of
Ecuador and P. pepei forests of Peru. In spite of differ-
ent sampling intensities and methods at the eight
sites, a few trends may be observed in the data. The
relatively low liverwort diversity in the P. sericeq,
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P. incana and P. reticulata forests (sites 1, 2, 5, 6) should
reflect the rather dry climatic conditions in these for-
ests [20] (Y. Ledn-Vargas pers. comm.). The high rich-
ness at Papallacta and in P. racemosa forests of
northern Peru, on the other hand, clearly coincides
with humid climatic conditions in these sites. Both
are located on the windward eastern slope of the
Andes under conditions of high precipitation and clou-
diness. The rather low elevation of the P. racemosa
forests — located in the “Amotape-Huancabamba
depression” of northern Peru — may in addition have
influenced the high richness of this site [23]. Altitude
may also explain the lesser species richness in the
P. pepei forests of Central Peru, which were located at
very high elevation (4300-4700 m) [33]. The relatively
high species richness in the P. pauta forests of Mojanda
is unexpected in view of the prolonged dry season at
this site. An explanation might be the presence of large
water bodies, viz. crater lakes, in the vicinity of the
studied P. pauta forests, which could have caused an
increase of air humidity in the forests (not measured).

The question remains whether bark characteristics
of the different Polylepis species played a role in shap-
ing liverwort species richness. Kessler [24] observed
differences in thickness and length of the shredded
bark segments among the Bolivian species of
Polylepis. The possible impact of these or other bark
features on the diversity of epiphytic bryophytes has
not been studied and needs work.

Species composition

We found very significant differences in the composi-
tion of the liverwort floras of the two study sites. Of 72
species recorded in the two sites, only 10 were shared
by the two localities, accounting for a low 13% of total
diversity. All shared species were epiphytes; two of
them, Plagiochila ensiformis and P. ovata, additionally
occurred on soil. The most common species in the
forests of Mojanda, occurring on almost every
P. pauta tree, were Lophocolea bidentata, Metzgeria
albinea, Plagiochila exigua and Radula voluta (Table
2). Only one of them, R. voluta, was found in the forests
of Papallacta, albeit much less commonly; the other
three species were not seen at Papallacta. The Polylepis
forests of Lagunas de Mojanda were furthermore much
richer in tiny Lejeuneaceae, which included
Cololejeunea microscopica, Microlejeunea capillaris,
Harpalejeunea  cinchonae,  Lejeunea  catinulata,
L. deplanata and L. mojandae (Table 2). Only one of
these, L. catinulata, was found at Papallacta. Lejeunea
mojandae was new to science [29] and is thus far only
known from Lagunas de Mojanda, where it was not
rare and was collected on four P. pauta trees.

The liverwort flora at Papallacta, in contrast, was
much more luxuriant than Lagunas de Mojanda and
was particularly rich in robust members of the genera
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Table 2. Liverwort species diversity on P. pauta trees and
surrounding soil in Lagunas de Mojanda and Péramo of
Papallacta. + = presence. 1 = smooth mat; 2 = rough mat;
3 = pendant (brackets: life form not present in the area);
E = endemic to Ecuador; A = Andean; nA = northern Andean;
N = neotropical; W = wide-ranging (intercontinental). Bold
face: species newly described based on this study [27-29].
Species recorded from rock [27] omitted. Names used in pre-
vious papers [20,27] that are no longer accepted are cited in
brackets.

Mojanda Papallacta Life Geogr.
(n=35) (n=47) form range
ADELANTHACEAE
Adelanthus lindenbergianus + 2
(Lehm.) Mitt.
Pseudomarsupidium decipiens + 2
(Hook.) Grolle (= Adelanthus
decipiens (Hook.) Mitt.)
ANEURACEAE
Aneura pinguis (L.) Dumort. + 1 w
Riccardia hans-meyeri (Steph.) + 1 A
Meenks & C.De Jong
R. poeppigiana (Lehm. & Lindenb.) + 2 N
Meenks & C.De Jong (=
R. cervicornis (Spruce) Gradst. &
Hekking)
R. wallisii (Steph.) Gradst. (= + 2 A
R. smaragdina Meenks & C.De
Jong)
CALYPOGEIACEAE
Calypogeia peruviana Nees & + 1 N
Mont.
CEPHALOZIACEAE
Cephalozia crossii Spruce + 1 N
FRULLANIACEAE
Frullania cuencensis Taylor + 1 N
F. intumescens (Lehm. & Lindenb.) + 2 N
Lehm. & Lindenb.
F. paradoxa Lehm. & Lindenb. + 2 A
F. peruviana Gottsche + 3 N
F. tetraptera Nees & Mont. + 1 N
F. tungurahuana Clark & Frye + 1 A
HERBERTACEAE
Herbertus acanthelius Spruce + 2 A
H. pensilis Spruce + 2 N
H. sendtneri (Nees) Nees (= + 2 w
H. grossispinus (Steph.) Fulford)
JAMESONIELLACEAE
Syzygiella rubricaulis (Nees) Steph. + 2 N
LEJEUNEACEAE
Anoplolejeunea conferta (Meissn.) + 1 N
A.Evans
Blepharolejeunea incongrua + 1 N
(Lindenb. & Gottsche) van
Slageren & Kruijt
Brachiolejeunea laxifolia (Taylor) + 1 N
Schiffn.
Cheilolejeunea oncophylla + 1 N
( ngstr.) Grolle & E.Reiner
Cololejeunea microscopica (Taylor) + 1 w
Schiffn.
Drepanolejeunea andina Herzog + 1 A
Harpalejeunea cinchonae (Nees) + + 1 N
Schiffn.
Lejeunea aphanes Spruce + 1 w
L. catinulifera Spruce + + 1 A
L. deplanata Nees + 1 N
L. mojandae Gradst. + 1  nA(E)
L. pallescens Mitt. + 1(3) A
Microlejeunea capillaris (Gottsche) + + 1 N
Steph.
LEPICOLEACEAE
Lepicolea pruinosa (Taylor) Spruce + 2 A
LEPIDOZIACEAE
Bazzania placophylla (Taylor) + 2 nA
Grolle
Lepidozia auriculata Steph. + 2 A
(Continued)

Table 2. (Continued).

Mojanda Papallacta Life Geogr.
(n=35) (n=47) form range
L. cupressina (Sw.) Lindenb. + 2 W
LOPHOCOLEACEAE
Cryptolophocolea connata (Sw.) L. + + 1 N
Soderstr. & Vana
Leptoscyphus amphibolius (Nees) + 1 N
Grolle
L. gibbosus (Taylor) Mitt. + 1 N
L. hexagonus (Nees) Grolle + 2 A
L. leoniae Gradst. + 1 nA (E)
Lophocolea bidentata (L.) Dumort. + 1 W
L. fragmentissima R.M.Schust. + 1 A
L. muricata (Lehm.) Nees + 1 w
METZGERIACEAE
Metgeria albinea Spruce + 1 w
M. consanguinea Schiffn. + + 1 w
M. dorsipara (Herzog.) Kuwah. + 1 A
M. filicina Spruce + A
M. leptoneura Spruce + 3(1) W
M. liebmanniana Lindenb. & + + 1 A
Gottsche
PALLAVICINIACEAE
Jensenia spinosa (Lindenb. & + 2 W
Gottsche) Grolle
Symphyogyna brasiliensis Nees + 1 W
PLAGIOCHILACEAE
Plagiochila bicuspidata Steph. + 1 A
P. bifaria (Sw.) Lindenb. + + 2 W
P. buchtiniana Steph. + 2 A
P. cleefii Inoue + 2 nA
P. dependula Taylor + 2 nA
P. ensiformis Taylor + + 2 A
P. exigua (Taylor) Taylor + 1 W
P. fuscolutea Taylor + 2 A
P. ovata Lindenb. & Gottsche + + 2 A
P. pachyloma Taylor + 2 A
P. pautaphila Gradst. & Ledn-Yénez + 2 nA(E)
P. punctata (Taylor) Taylor + 2 W
P. raddiana Lindenb. + 2 N
P. stricta Lindenb. + 1 N
PORELLACEAE
Porella leiboldii (Lehm.) Trevis. + 2 N
RADULACEAE
Radula subinflata Lindenb. + 1 N
R. voluta Taylor + + 1 w
SCAPANIACEAE
Anastrophyllum auritum (Lehm.) + 1
Steph.
TRICHOCOLEACEAE
Leiomitra flaccida Spruce + 2 A
L. sprucei (Steph.) T.Katagiri (= + 2 N
Trichocolea sprucei Steph.)
L. tomentosa (Sw.) Lindb. (= + 2 N

T. tomentosa (Sw.) Gottsche)

Frullania (F. intumescens, F. paradoxa, F. peruviana),
Riccardia (R. poeppigiana, R. wallisii), Herbertus
(H. acanthelius, H. pensilis, H. sendtneri), Plagiochila
(P. bifaria, P. dependula, P. ensiformis, P. fuscolutea,
P. ovata, P. pautaphila), Bazzania (B. placophylla),
Lepidozia (L. auriculata) Leptoscyphus (L. hexagonus)
and Lepicolea (L. pruinosa). None of these species
were seen in the forests of Mojanda with exception
of three members of Plagiochila, P. bifaria, P. ensiformis,
P. ovata. The very different liverwort diversities of the
two sites are also evident from the numerous liverwort
families of the Papallacta forests that are absent in
Mojanda (see Table 2) and the make-up of the
Plagiochila and Lejeuneaceae floras, the most impor-
tant groups in terms of species richness, of the two
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Table 3. Liverwort species richness in eight Polylepis forest sites across the Andes. +: less than 5 trees sampled, in 1-2 forests. ++:
more than 5 trees sampled, in at least 2 forests. *: identification preliminary (M. Kessler pers. comm.). Areas with an everwet
climate, without distinct dry season, are scored as “humid”, those with a prolonged dry season as "dry”.

Reference 1 2 3 4 5 6 7 8
country Ven Col Ecu Ecu Ecu Ecu Peru Peru
elevation (m) 4000 4130 3725-3850 4000 3800 3900 2900-3300 4300-4700
humidity dry dry dry humid dry dry humid dry/humid
main Polylepis species sericea sericea pauta pauta incana reticulata *racemosa pepei
sampling intensity ++ + ++ ++ + + ++ ++

nr. of liverwort species 12 12 35 47 12 20 32 25

1: Delgado & Le6n-Vargas [34]. 2: Wolf [10]. 3: this study. 4: this study. 5: Parolly & Kiirschner [20]. 6: Parolly & Kiirschner [20], Gradstein & Ledn-Yénez
(unpubl.). 7: Gradstein & Frahm [48], Kiirschner & Parolly [51]. 8: Sylvester et al. [29,33]. Results of a Bolivian inventory [35] are omitted as liverwort
species identifications were incomplete. Sampling at localities 5 and 8 included only epiphytic species, in all other localities epiphytic and terrestrial
species. Sampling was plot-based in loc. 5, plot-based and haphazard in localities 6 and 7, and haphazard only in all other localities.

sites. Only three species in each group were shared by
the two sites, whereas a total of 21 species (75%) were
found in only one of the two sites. Plagiochila depen-
dula and P. fuscolutea and the newly described
P. pautaphila [27] were common in Papallacta while
being absent in Mojanda, whereas P. exigua and
P. pachyloma were common in Mojanda and were
not recorded in Papallacta. The latter species was
represented by an unusual phenotype characterized
by very small trigones and an unpigmented, rather
inconspicuous leaf border. Normally, P. pachyloma
has large trigones and the leaf border is conspicuously
brownish-pigmented. Possibly, the phenotype of
P. pachyloma in the forests of Mojanda belongs to
a new species.

The highly different liverwort floras of the two
P. pauta forest sites may reflect, on the one hand,
the island-like distribution of Polylepis forests [23],
on the other hand the very different climatic con-
ditions in the two sites should play an important
role. Numerous studies have shown that differences
in species composition are triggered by abiotic fac-
tors [17,49,50] Because of the major role of water
availability in shaping the diversity of liverworts, we
assume that the different humidity conditions in the
two sites (Table 1) largely accounted for the very
different compositions of the liverwort assemblages
of the two sites. Interestingly, a high species turn-
over (over 80%) was also recorded in the moss flora
of the rather dry P. sericea forests of Venezuela [30].
Since the climatic conditions in the latter forests
were rather uniform, we assume that other environ-
mental factors (maybe edaphic) played a role here.

Table 4. Proportion of functional groups of liverworts in
Polylepis pauta forests of Lagunas de Mojanda and paramo
of Papallacta. Number of species in brackets.

Mojanda Papallacta
smooth mat 80% (29) 40% (19)
rough mat 20% (8) 56% (26)
pendent - 4% (2)

Functional groups

The very different make-up of the liverwort floras
of Mojanda and Papallacta correlated with signifi-
cant differences in life form composition of liver-
worts (Table 4). In Mojanda, the great majority of
the species were smooth mats, accounting for 80%
of the liverwort flora. The remaining species were
rough mats (20%), defined here in a broad sense
and including tails and wefts. In Papallacta, in con-
trast, rough mats were the most common life form
and included 56% of the species while smooth
mats accounted for only 40% of the flora. Two
pendant liverworts, Frullania peruviana and
Metzgeria leptoneura, were common in the forest
of Papallacta while being fully absent at Mojanda.

The significantly higher proportion of rough mats and
the presence of pendant taxa in the liverwort flora of
Papallacta should reflect the wetter climatic conditions at
this site. Strong correlation of these life forms with high
moisture availability has repeatedly been demonstrated
[16,20,21,51]. Under increased humidity conditions liverwort
species may grow less tightly associated with the substrate.
Although appressed-growing smooth mats occurred in
both study sites, their contribution to total diversity was
two times higher in Mojanda than in Papallacta (Table 4).
The greater contribution of smooth mats to overall liverwort
diversity in the latter site clearly reflects the drier climatic
conditions there. These results underline the importance of
bryophyte life forms as robust climate indicators in tropical
forests and show the usefulness of functional groups for the
characterization of Polylepis forests under different climatic
conditions.

Table 5. Geographical ranges in the liverwort flora of Polylepis
pauta forests of Mojanda and Papallacta.

Mojanda Papallacta

n=36 n =46
northern Andean species (nA) 1 5
tropical Andean species (A) 13 14
neotropical species (N) 1 16
wide-ranging species (W) 1 1
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Phytogeography

A comparison of the geographical ranges of the liverwort
species reveals similar biogeographic patterns in the two
study sites (Table 5). Species with neotropical and wide,
intercontinental ranges account for the majority (60%) of
the taxa in each site while about 40% of the species have
more restricted, Andean distributions. These results agree
with a phytogeographic study in the Colombian Andes [8],
which showed that Andean species account for 30%-45%
of the bryophyte flora above 3000 m as.l. The remaining
species were wide-ranging, neotropical and wide-tropical
taxa. A lower proportion of Andean species (18%) was seen
in the moss flora of P. sericea forests of Venezuela. Most of
the Andean species recorded in the present study are dis-
tributed throughout the cordillera and some of them may
extend to Central America and Mexico or southeastern
Brazil. Six species are restricted to the northern Andes
(Bazzania placophylla, Lejeunea mojanda, Leptoscyphus leo-
niae, Plagiochila cleefii, P. dependula, P. pautaphila), with
three of them (Lejeunea mojandae, Leptoscyphus leoniae,
P. pautaphila) being (sub)endemic to P. pauta forests of
Ecuador. Interestingly, all of them except Lejeunea mojandae
occurred in the humid forests of Papallacta. The higher
number of liverwort species with restricted, northem
Andean ranges in the humid, fog-exposed Polylepis pauta
forests of Papallacta supports the notion that cloud forests
are hotspots of liverwort diversity [6,8,17], and underscores
the importance of these humid forests for conservation.

Conclusions

Climatic conditions may be key to understanding
diversity patterns of bryophytes in different habitats.
We show that species richness, species composition
and composition of functional groups of liverworts in
Polylepis forests are affected by climatic conditions
differing in humidity. Species richness of liverworts
is higher in humid forests than in seasonal, dry forests
and their species composition is very different in the
two types of forest. Humid and dry forests also have
significantly different patterns of functional diversity
of liverworts. The strong coupling of liverwort diver-
sity of Polylepis forests to climatic conditions suggests
a high sensitivity of these organisms to climate
change [52]. The greater representation of species
with restricted ranges in humid Polylepis forest
shows the importance of these forests for
conservation.

Note

1. Polylepis pauta is here defined following Romoleroux
[53] and Romoleroux et al. [26]. According to M. Kessler
(pers. comm.), the populations of P. pauta of Mojanda
and Papallacta may belong to different species.

Acknowledgments

We express our gratitude to Manuela Ormaza for assistance,
Angel Benitez for the photograph of liverwort rough mat (d),
Prof. T. Pocs for the picture of Polylepis dry forest, and Jorg
Bendix, Michael Kessler and, Katya Romoleroux for advice.
We thank the Ministerio del Ambiente, Ecuador, for research
permits and the Pontificia Universidad Catélica del Ecuador
for financial support. We also thank the two reviewers for
their constructive comments which have lead to consider-
able improvement of the paper.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Pontificia Universidad
Catolica del Ecuador.

References

[1] Gradstein SR, Churchill SP, Salazar-Allen N. Guide to
the bryophytes of tropical America. Mem NY Bot Gard.
2001;86:1-577.

[2] Pécs T. Tropical forest bryophytes. In: Smith AJE, editor.
Bryophyte ecology. Dordrecht: Springer; 1982. p. 59-104.

[3] Wilson R, Heinrichs J, Hentschel J, et al. Steady diversi-
fication of derived liverworts under Tertiary climatic
fluctuations. Biol Lett. 2007;3:566-5609.

[4] Feldberg K, Schneider H, Stadler T, et al. Epiphytic leafy
liverworts diversified in angiosperm-dominated
forests. Sci Rep. 2013;4:5974.

[5] Gradstein SR. The lowland cloud forest of French
Guiana - a liverwort hotspot. Cryptog Bryol.
2006;27:141-152.

[6] Gehrig-Downie C, Obregén A, Bendix J, et al. Diversity
and vertical distribution of epiphytic liverworts in low-
land rain forest and lowland cloud forest of French
Guiana. J Bryol. 2013;35:243-254.

[7] Campos L, Mota de Oliveira S, Benavides J, et al.
Vertical distribution and diversity of epiphytic bryo-
phytes in the Colombian Amazon. J Bryol.
2019;41:328-340.

[8] Gradstein SR, Van Reenen G, Griffin D Ill. Species rich-
ness and origin of the bryophyte flora of the
Colombian Andes. Acta Bot Neerl. 1989;38:439-448.

[9]1 Frahm JP, Gradstein SR. An altitudinal zonation of
tropical rain forests using bryophytes. J Biogeogr.
1991;18:669-678.

[10] Wolf JHD. Diversity patterns and biomass of epiphytic
bryophytes and lichens along an altitudinal gradient in
the northern Andes. Ann Missouri Bot Gard.
1993;80:928-960.

[11] Ah-Peng C, Wilding N, Kluge J, et al. Bryophyte diver-
sity and range size distribution along two altitudinal
gradients: continent vs. island. Acta Oecologica.
2012;42:58-65.

[12] Pécs T. The epiphytic biomass and its effect on the
water-balance of two rain forest types in the Uluguru
Mountains (Tanzania, East-Africa). Acta Bot Acad Sci
Hungaricae. 1980;26:143-167.



[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Clark KL, Nadkarni NM, Gholz HL. Retention of inor-
ganic nitrogen by epiphytic bryophytes in a tropical
montane forest. Biotropica. 2005;37:328-336.
Ah-Peng C, Williamson CA, Flores O, et al. The role
of epiphytic bryophytes in interception, storage,
and the regulated release of atmospheric moisture
in a tropical montane cloud forest. J Hydrol.
2017;548:665-673.

Mendieta-Leiva G, Porada P, Bader M. Interactions of
epiphytes with precipitation partitioning. In: Van Stan 1,
Gutmann E, Friesen J, editors. Interactions of epiphytes
with precipitation partitioning. Switzerland: Springer
Nature; 2020. p. 133-146.

Acebey A, Gradstein SR, Krémer T. Species richness
and habitat diversification of corticolous bryophytes
in submontane rain forest and fallows of Bolivia. J Trop
Ecol. 2003;18:9-18.

Holz |, Gradstein SR. Cryptogamic epiphytes in primary
and recovering upper montane oak forests of Costa
Rica - species richness, community composition and
ecology. Plant Ecol. 2005;178:89-109.

Sporn SG, Bos MM, Hoffstatter-Miincheberg M, et al.
Microclimate determines community composition but
not richness of epiphytic understory bryophytes of
rainforest and cacao agroforest in Indonesia. Funct
Plant Biol. 2009;36:171-179.

Kirschner H, Frey W, Parolly G. Patterns and adaptive
trends of life forms, life strategies and ecomorpholo-
gical structures in tropical epiphytic bryophytes. Nova
Hedwigia. 1999;69:73-99.

Parolly G, Kiirschner H. Syntaxonomy, life forms, life
strategies and ecomorphology of the subandean
woodlands and Polylepis forests in Central Ecuador.
Bot Jahrbiicher. 2005;126:211-252.

Pardow A, Gehrig-Downie C, Gradstein SR, et al.
Functional diversity of bryophytes in two tropical low-
land forests from French Guiana: using bryophyte
life-forms to detect areas of high biodiversity.
Biodivers Conserv. 2012;21:3637-3655.

Mota de Oliveira S. The double role of pigmentation
and convolute leaves in community assemblage of
Amazonian epiphytic Lejeuneaceae. PeerJ.
2018;6:5921.

Gareca EE, Hermy M, Fjeldsa J, et al. Polylepis woodland
remnants as biodiversity islands in the Bolivian high
Andes. Biodivers Conserv. 2010;19:3327-3346.

Kessler M. Polylepis-Wilder Boliviens: taxa, Okologie,
Verbreitung und Geschichte. Diss Bot.
1995;246:1-276.

Kessler M, Moraes R, Kvist LP, et al. Bosques de
Polylepis. In: Moraes R, Ollgaard B, Kvist LP, et al., edi-
tors. Botanica econémica de los Andes Centrales. La
Paz: Universidad de San Andrés/Plural Editores; 2006.
p. 110-120.

Romoleroux K, Cérate Tandalla D, Erler R, et al. Plantas
vasculares de los bosques de Polylepis en los paramos
de Oyacachi. Quito: Centro de Publicaciones, Pontificia
Universidad Catdlica del Ecuador; 2017.

Gradstein SR, Leén-Yanez S. Liverworts
(Marchantiophyta) of Polylepis pauta forests from
Ecuador with description of Leptoscyphus leoniae sp.
nov. and Plagiochila pautaphila sp. nov. Nova
Hedwigia. 2018;106:35-48.

Gradstein SR, Benitez A. Liverworts new to Ecuador
with description of Plagiochila priceana sp. nov. and
Syzygiella  burghardtii  sp. nov. Cryptog Bryol.
2016;38:335-348.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

NEOTROPICAL BIODIVERSITY 145

Gradstein SR. The liverworts and hormnworts of Colombia
and Ecuador. Mem NY Bot Gard. 2020 (in press).

Fjeldsa J, Kessler M. Conservacion de la biodiversidad
de los bosques de Polylepis de las tierras altas de
Bolivia: una contribucién al manejo sustentable en
los Andes. DIVA Technical Report 11. Santa Cruz de la
Sierra: Editorial FAN; 2004.

Hensen |, Cierjacks A, Hirsch H, et al. Historic and
recent fragmentation coupled with altitude affect the
genetic population structure of one of the world’s
highest tropical tree line species. Glob Ecol Biogeogr.
2011;21(4):455-464.

Caiza J, Segovia C, Romoleroux K, editors. Libro de
Resimenes V Congreso Internacional de Ecologia
y Conservacién de los Bosques de Polylepis. 1st ed.
Quito: Pontificia Universidad Catdlica del Ecuador and
Universidad de las Fuerzas Armadas; 2019.

Sylvester SP, Sylvester MDPV, Kessler M. Inaccessible
ledges as refuges for the natural vegetation of the
high Andes. J Veg Sci. 2014;25:1225-1234.

Delgado J, Vargas Y. Musgos (Bryophyta) de bosques
de Polylepis sericcea Wedd. (Rosaceae) del Estado
Mérida (Venezuela). Bol Soc Argentina Bot.
2017;52:295-313.

Aldana-M C. Briofitas de los bosques de Polylepis pepei
(Provincia Murillo, La Paz, Bolivia): comunidades
y ecologia. La Paz: Universidad Mayor de San Andrés;
2008.

Bendix J, Lauer W. Die Niederschlagsjahreszeiten in
Ecuador und ihre klimadynamische Interpretation.
Erdkunde. 1992;46:118-134.

Bendix J, Rafigpoor MD. Studies on the thermal condi-
tions of soils at the upper tree line of the paramo of
Papallacta (Eastern Cordillera of Ecuador). Erdkunde.
2001;55:257-276.

Lauer W, Rafigpoor MD, Theisen I. Physiogeographie,
Vegetation und Syntaxonomie der Flora des Paramo
de Papallacta (Ostkordillere Ecuador). Stuttgart: Franz
Steiner Verlag; 2001.

Robin C, Eissen J-P, Samaniego P, et al. Evolution of the late
Pleistocene Mojanda-Fuya Fuya volcanic complex
(Ecuador), by progressive adakitic involvement in mantle
magma sources. Bull Volcanol. 2009;71(3):233-258.

Villota A, Behling H, Ledn-Yanez S. Three millennia of
vegetation and environmental dynamics in the
Lagunas de Mojanda region, northern Ecuador. Acta
Palaeobot. 2017;57:407-421.

Bendix J, Rollenbeck R, Géttlicher D, et al. Cloud occur-
rence and cloud properties in Ecuador. Clim Res.
2006;30:133-147.

FONAG. Anuario Hidrometeorolégico. Quito; 2018.
Holz |, Gradstein SR, Heinrichs J, et al. Bryophyte diver-
sity, microhabitat differentiation and distribution of
life forms in Costa Rican upper montane Quercus
forest. Bryologist. 2002;105:334-348.

Bates J. Is “life form” a useful concept in bryophyte
ecology? Oikos. 1998;82(2):232-237.

Gradstein SR, Sporn SG. Diversity of epiphytic bryo-
phytes along land use gradients in the tropics. Nova
Hedwigia Beih. 2010;138:309-321.

Gradstein SR, Montfoort D, Cornelissen J.
Phytogeography and species richness of the bryo-
phyte flora of the Guianas, with special
attention to the lowland rain forest. Trop Bryol.
1990;2:117-125.

Gradstein SR, Nadkarni NM, Kromer T, et al. A protocol
for rapid and representative sampling of vascular and



146 e S. R. GRADSTEIN AND S. LEON YANEZ

non-vascular epiphyte diversity of tropical rain forests.
Selbyana. 2003;24:105-111.

[48] Gradstein SR, Frahm JP. Die floristische Hohengliederung
der Moose entlang des Bryotrop-transectes in Peru. Beih
Nova Hedwigia. 1987;88:105-113.

[49] Kessler M, Abrahamczyk S, Bos M, et al. Alpha versus
beta diversity of plants and animals along a tropical
land-use gradient. Ecol Appl. 2009;19:2142-2156.

[50] Tilk M, Ots K, Tullus T. Effect of environmental factors on
the composition of terrestrial bryophyte and lichen

[51]

species in Scots pine forests on fixed sand dunes. For
Syst. 2018;27:e015.

Kiirschner  H, Parolly G Stammepiphytische
Moosgesellschaften am  Andenostabhang und im
Amazonas-Tiefland von Nord-Peru. Nova Hedwigia.
1998;66:1-88.

[52] Tuba Z, Slack NG, Stark LR, editors. Bryophyte ecology

and climate change. Cambridge: Cambridge University
Press; 2011.

[53] Romoleroux K. Rosaceae. Flora Ecuador. 1996;56:1-151.


https://www.researchgate.net/publication/343774585

	Abstract
	Introduction
	Materials and methods
	Study sites
	Data collection and analysis

	Results and discussion
	Species richness
	Species composition
	Functional groups
	Phytogeography

	Conclusions
	Note
	Acknowledgments
	Disclosure statement
	Funding
	References



