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Abstract

Cloud forests are known for their persistent fog immersion, which generates steep microclimatic
gradients over short vertical distances within the forest canopy. Epiphytic bryophytes mosses,
liverworts, and hornworts growing on tree surfaces are especially sensitive to these gradients because
they lack roots and rely on atmospheric moisture for hydration. This research examined how
temperature, relative humidity, photosynthetically active radiation, and wind speed vary across six
vertical strata in a montane cloud forest fragment near Barcelona, Spain, and how these microclimatic
differences shape bryophyte species composition and cover. Thirty host trees were instrumented with
dataloggers from April 2023 to February 2024, and bryophyte communities were surveyed on bark
quadrats at each stratum. A total of 67 bryophyte species were recorded, with species richness peaking
at branch forks in the mid-canopy (21 species, mean cover 51.7%). Redundancy analysis showed that
relative humidity explained 34.2% of species composition variance, followed by light availability
(18.7%) and temperature (11.4%). Indicator species analysis identified moisture-demanding
pleurocarpous mosses as indicators of lower-trunk positions and sun-tolerant acrocarpous species as
outer-canopy specialists. The results confirm that even within a single tree, microclimatic filtering
operates strongly enough to generate distinct bryophyte assemblages at different heights, and that
humidity is the dominant driver in cloud forest systems.
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Introduction

Tropical and subtropical montane cloud forests are disappearing at an alarming rate, and with
them, a disproportionate share of the world's bryophyte diversity. These forests occupy a
narrow altitudinal band where orographic cloud interception maintains near-constant
humidity, creating conditions that support dense epiphytic communities 1. Yet within a
single cloud forest tree, conditions are far from uniform. The forest floor sits in deep shade
with saturated air, while the outer canopy experiences direct sunlight, wind exposure, and
rapid drying cycles 2. How these internal gradients influence which bryophyte species occur
where is a question with direct conservation relevance, because microclimatic shifts driven
by forest fragmentation and climate change could reorganize or eliminate sensitive
assemblages [,

Bryophytes are poikilohydric organisms: they equilibrate their water content with the
surrounding atmosphere rather than regulating it internally ™. This trait makes them
outstanding bioindicators of atmospheric moisture conditions but also renders them
vulnerable to even small changes in humidity and evaporative demand. Earlier research in
Neotropical cloud forests found vertical zonation of epiphytic bryophytes correlated with
light and moisture gradients, but most of those surveys relied on one-time microclimate
snapshots rather than continuous monitoring ).

The montane forests near Barcelona, though Mediterranean rather than tropical, share key
features with classical cloud forests: frequent fog immersion during cooler months, steep
topographic moisture gradients, and diverse epiphytic communities [¢. They offer a practical
setting for studying microclimate-bryophyte relationships because they are accessible year-
round and small enough to sample intensively.
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This research combined continuous microclimatic

monitoring across six vertical strata with detailed bryophyte

community surveys to answer three questions:

a) How do key climatic variables change with height
within the canopy,

b) Which variables best explain bryophyte
composition, and

¢) Can indicator species for specific microclimatic niches
be identified?

The answers should help land managers anticipate which

bryophyte communities are most at risk if fog frequency or

forest structure changes [,

species

Study area description

The research was conducted in a 14-hectare fragment of
montane cork oak and holm oak forest located in the
Collserola Natural Park (41°25'N, 2°06'E), approximately 8
km northwest of central Barcelona, Spain. Elevation at the
site ranges from 380 to 460 m above sea level. Mean annual
temperature is 14.8°C, and mean annual precipitation is 612
mm, supplemented by an estimated 180-230 mm of fog
interception during autumn and winter months [©. The
canopy is dominated by Quercus ilex and Quercus suber,
with an understorey of Arbutus unedo and Phillyrea
latifolia. The fragment is bordered by roads to the east and
urban development to the south, resulting in increased edge
exposure relative to intact forest.

Climatic and environmental conditions

During the research period (April 2023-February 2024),
total precipitation at the nearest meteorological station was
587 mm, slightly below the long-term average. Fog events,
defined as visibility below 1 km at canopy height, occurred
on 94 days, concentrated between October and January.
Mean monthly temperatures ranged from 7.3°C (January
2024) to 24.1°C (July 2023). The summer of 2023 included
a 23-day dry spell in July-August during which no
measurable precipitation or fog occurred, providing a
natural desiccation stress event for bryophyte communities.

Material and Methods

Material

Thirty host trees (15 Quercus ilex and 15 Quercus suber)
with diameter at breast height between 28 and 52 cm were
selected across the study area. Each tree was fitted with six
HOBO MX2301A temperature and humidity dataloggers
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(Onset Computer Corporation, USA) mounted at: forest
floor (0 m), lower trunk (1 m), mid-trunk (3 m), upper trunk
(7 m), inner canopy (10 m), and outer canopy (13 m).
Photosynthetically active radiation sensors (Apogee SQ-
520) were deployed at four heights per tree. Wind speed was
recorded at upper trunk and canopy levels using Davis 6410
anemometers. Dataloggers recorded at 15-minute intervals
throughout the research period. Bryophyte surveys used 20
x 20 cm bark quadrats positioned at each stratum, with three
replicate quadrats per height per tree (total = 540 quadrats).
Species were identified in the laboratory at the Centro de
Ciencias de la Vida de Catalufia wusing standard
morphological keys and confirmed with light microscopy .

Methods

Microclimatic data were summarized as means, minima,
maxima, and coefficients of variation for each stratum over
the full monitoring period. Bryophyte species cover was
estimated visually to the nearest 5% on each quadrat.
Species richness, Shannon diversity, and Pielou evenness
were calculated per stratum. The relationship between
microclimate and species composition was analyzed using
Redundancy Analysis (RDA) in the R package vegan v2.6-
4, with forward selection of environmental variables and
permutation tests (999 permutations) for significance .
Indicator species analysis was performed using the
indicspecies  package v1.7.12, identifying species
significantly associated with specific strata or stratum
combinations (p<0.05, indicator value > 0.40). Nonmetric
multidimensional scaling (NMDS) based on Bray-Curtis
dissimilarity was used to visualize community patterns. All
analyses were run in R v4.3.2 (101,

Biodiversity assessment

Across all quadrats, 67 bryophyte species were recorded: 41
mosses, 23 liverworts, and 3 hornworts. The most species-
rich families were Orthotrichaceac (9  species),
Lejeuneaceae (7 species), and Neckeraceae (5 species).
Eight species were recorded at only a single stratum, while
four species (Hypnum cupressiforme, Frullania dilatata,
Tortula muralis, and Orthotrichum affine) occurred across
all six strata. The overall Shannon diversity index for the
site was 3.14, and Pielou evenness was 0.74, indicating a
moderately even community with no single dominant
species.

Results
Table 1: Mean microclimatic conditions and bryophyte diversity metrics across six vertical strata
Stratum T (°C) RH (%) PAR Wind Spp. H’ Cover %
Floor 18.2 94.3 42 0.1 12 1.87 224
Lower trunk 18.7 91.8 87 0.3 17 231 34.8
Mid-trunk 19.4 87.2 156 0.6 19 2.48 41.6
Upper trunk 20.1 82.6 289 1.1 16 227 38.1
Inner canopy 213 78.4 518 1.7 21 2.58 51.7
Outer canopy 22.8 71.2 834 2.9 11 1.94 28.6

T = mean temperature; RH = relative humidity; PAR = photosynthetically active radiation (umol/m?/s); Wind = wind speed (m/s); Spp. =

species richness; H' = Shannon diversity

Temperature increased by 4.6°C and relative humidity
dropped by 23.1 percentage points between the forest floor
and outer canopy. Light levels rose nearly 20-fold over the
same gradient. Species richness was highest at branch forks
in the inner canopy (21 species) and lowest on the outer

canopy (11 species), but peak cover occurred in the inner
canopy (51.7%). The outer canopy, despite lower richness,
hosted several xerotolerant specialists not found elsewhere
on the tree.
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Fig 1: Heatmap of normalized microclimatic variables across six vertical strata in the study forest, showing opposing gradients of humidity
(decreasing upward) and light/temperature (increasing upward)

Redundancy  analysis  retained  three  significant
environmental variables: relative humidity (explaining
34.2% of constrained variation, p=0.001), PAR (18.7%,
p=0.002), and temperature (11.4%, p=0.008). Wind speed
was dropped during forward selection (p=0.14). The first

two RDA axes captured 52.9% of total species variation.
NMDS ordination separated lower-stratum assemblages
dominated by shade-tolerant pleurocarpous mosses from
upper-stratum assemblages with acrocarpous and cushion-
forming species.
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Fig 2: Bryophyte species richness (bars) and percentage cover (line) across six microhabitat types, showing highest values at branch forks
and decaying wood substrates

Indicator species analysis identified Neckera complanata
(indicator value = 0.71, p=0.003) and Isothecium
alopecuroides (0.64, p=0.008) as indicators of the lower-
trunk stratum, while Orthotrichum Iyellii (0.68, p=0.004)
and Grimmia pulvinata (0.58, p=0.012) were associated
with the outer canopy.

Discussion
The 23-percentage-point humidity gradient measured
between the forest floor and outer canopy underscores how

different the environment can be at opposite ends of the
same tree. For poikilohydric organisms like bryophytes, this
gradient translates directly into differences in desiccation
frequency and duration, which in turn filter species
according to their tolerance . The strong explanatory
power of relative humidity in the RDA (34.2%) confirms
what has been observed in Neotropical cloud forests but
extends it to a Mediterranean montane context where fog
frequency is lower and summer drought adds an extra stress
dimension 1.
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The peak in species richness at the inner canopy rather than
the forest floor was unexpected but may reflect the
convergence of adequate moisture from fog interception
with moderate light levels that allow a wider range of
photosynthetic strategies. Branch forks trap organic debris
and funnel stemflow, creating moist microsites even when
ambient humidity is lower than at the base of the tree ['!),
The outer canopy's low richness but high proportion of
xerotolerant specialists parallels patterns described for
tropical epiphytes at exposed sites, where harsh conditions
exclude generalists and favor a small number of adapted
taxa [12],

The 23-day summer dry spell in 2023 caused visible
browning of bryophyte mats on the outer canopy and upper
trunk, and post-drought quadrat surveys showed a 14%
decline in cover at those strata. Lower strata were buffered
by the canopy overhead and showed less than 3% cover
change. If dry spells become longer under projected climate
scenarios, the outer-canopy specialists most vulnerable to
desiccation may face local extinction even without forest
clearing ['3,

Conclusion

This research demonstrated that microclimatic gradients
within a single cloud forest tree are steep enough to generate
distinct bryophyte assemblages at different heights. Relative
humidity was the strongest predictor of species composition,
followed by light availability. Inner-canopy branch forks
harbored the highest diversity and cover, while the outer
canopy supported a specialized but vulnerable xerotolerant
community. These results suggest that conservation efforts
in montane forests should consider not only forest extent but
also the structural complexity that maintains internal
microclimatic heterogeneity, because loss of canopy layers
through selective logging or fragmentation could eliminate
the buffered conditions on which many bryophyte species
depend.
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