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1 | INTRODUCTION
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Abstract

Vascular epiphytes contribute to the structural, compositional, and functional com-
plexity of tropical montane cloud forests because of their high biomass, diversity,
and ability to intercept and retain water and nutrients from atmospheric sources.
However, human-caused climate change and forest-to-pasture conversion are rapidly
altering tropical montane cloud forests. Epiphyte communities may be particularly
vulnerable to these changes because of their dependence on direct atmospheric in-
puts and host trees for survival. In Monteverde, Costa Rica, we measured vascular
epiphyte biomass, community composition, and richness at two spatial scales: (1)
along an elevation gradient spanning premontane forests to montane cloud forests
and (2) within trees along branches from inner to outer crown positions. We also
compared epiphyte biomass and distribution at these scales between two different
land-cover types, comparing trees in closed canopy forest to isolated trees in pas-
tures. An ordination of epiphyte communities at the level of trees grouped forested
sites above versus below the cloud base, and separated forest versus pasture trees.
Species richness increased with increasing elevation and decreased from inner to
outer branch positions. Although richness did not differ between land-cover types,
there were significant differences in community composition. The variability in epi-
phyte community organization between the two spatial scales and between land-
cover types underscores the potential complexity of epiphyte responses to climate
and land-cover changes.

Abstract in Spanish is available with online material.

KEYWORDS
Costa Rica, crown position, elevation gradient, land cover, Monteverde, tropical montane

cloud forest, vascular epiphytes

up to 44 tons/ha of aboveground biomass and up to 35% of the vas-

cular plant diversity of some tropical forests (Gentry & Dodson, 1987,

Vascular epiphytes reach their greatest abundance and diversity in
tropical montane cloud forests (TMCFs) where thick mats of can-
opy soil support non-vascular and vascular plant communities (Kreft,
Koster, Kuper, Nieder, & Barthlott, 2004; Nakanishi, Sungpalee, Sri-
ngernyuang, & Kanzaki, 2016; Werner, 2011). Epiphytes can comprise

Hofstede, Wolf, & Benzing, 1993; Ingram, Ferrell-Ingram, & Nadkarni,
1996; Ingram & Nadkarni, 1993). The global average environmental
lapse rate of 6.5°C/km (Thayyen & Dimri, 2018) applied to the rugged
mountains underlying some tropical forests indicates that steep gradi-

ents in temperature and relative humidity occur over relatively short
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horizontal distances. These changes in microclimate with elevation ap-
pear to be strong drivers of variation in vascular epiphyte biomass and
species richness (Bussmann, 2001; Ding et al., 2016; Gehrig-Downie,
Marquardt, Obregon, Bendix, & Gradstein, 2012; Gotsch, Davidson,
Murray, Duarte, & Dragulji¢, 2017; Hietz & Hietz-Seifert, 1995; Wolf &
Flamenco-S, 2003), and may explain the mid-elevation peak in vascular
epiphyte species richness that has been documented in montane for-
ests (Cardelus, Colwell, & Watkins, 2006; Hietz & Hietz-Seifert, 1995;
Kromer, Kessler, Gradstein, & Acebey, 2005).

Epiphyte biomass and richness can also exhibit substantial vari-
ability within individual tree crowns. For example, epiphyte biomass
was greatest on the largest diameter branches and at inner crown
positions in montane forests of Ecuador, Costa Rica, and Mexico
(Freiberg & Freiberg, 2000; Koéhler, Tobdén, Frumau, & Bruijnzeel,
2007; Nadkarni, 1984; Nadkarni, Schaefer, Matelson, & Solano,
2004). However, these within-tree patterns were not universal
among taxonomic groups. Biomass of epiphytic angiosperms in
Ecuador was greatest at the inner crown and on tree trunks, whereas
lichens and bryophytes were more abundant on smaller diameter
branches in the outer crown (Werner, Homeier, Oesker, & Boy, 2012).

Changes in land use, specifically the isolation of trees in frag-
mented habitats, are also likely to affect epiphyte communities.
Deforestation and habitat fragmentation can isolate arboreal plant
and animal populations in patches or as single trees, which may re-
sult in local extinctions and reduce biodiversity due to reductions
in gene flow (Aldrich & Hamrick, 1998; Cascante-Marin, Jong, et
al., 2006b; Cascante-Marin, Wolf, et al., 2006a; Kartzinel, Trapnell,
& Shefferson, 2013). Isolated trees tend to experience higher light
availability, air temperature, and wind speeds that could lead to
higher rates of desiccation compared with trees in intact forests
(Cascante-Marin et al., 2009; Larrea & Werner, 2010). Although
habitat fragmentation undoubtedly affects epiphyte communities
by reducing host tree availability, reports on the impacts of isolated
trees on epiphyte biomass and diversity have been inconsistent. For
example, remnant trees in pastures can serve as “stepping stones”
for epiphyte dispersal and colonization between intact patches of
forest, and forest fragments can have similar epiphyte diversity and
richness to intact forests (Einzmann & Zotz, 2017; Guevara, Laborde,
& Sanchez, 1998; Larrea & Werner, 2010; Nadkarni & Haber, 2009).
Conversely, tree crowns in isolated pastures sometimes support
unique epiphyte communities compared with trees in intact forests,
presumably due to the long-term effects of an altered microclimate
that increased rates of desiccation (Einzmann & Zotz, 2017; Koster,
Kreft, Nieder, & Barthlott, 2013).

Climate change models suggest that TMCFs will soon experience
intensifying droughts and increasing temperatures that will cause a
rise in the elevation of cloud formation (Hu & Riveros-Iregui, 2016;
Lawton, Nair, Sr, & Welch, 2001; Pounds et al., 2006; Still, Foster, &
Schneider, 1999). Because epiphytes do not have direct contact with
terrestrial resources, they may be susceptible to drying atmospheric
conditions such as reduced cloud water interception (Benzing, 1990,
2008; Gentry & Dodson, 1987; Zotz & Hietz, 2001). Such changes

will likely cause physiological stress in epiphyte communities that
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could influence patterns of biomass and diversity (Darby, Dragulji¢,
Glunk, & Gotsch, 2016; Pounds, Fogden, & Campbell, 1999; Still et
al., 1999). For example, epiphytes exposed to experimental drought
and warming experienced declines in leaf thickness, stomatal con-
ductance, and sap flow (Darby et al., 2016), and the absorption
of cloud water directly through the leaf surfaces of some species
suggests that cloud immersion may be important for maintaining
adequate hydration (Darby et al., 2016; Gotsch et al., 2017, 2015).
Understanding epiphyte patterns across multiple spatial scales can
indicate at which scales taxa may be most vulnerable to changes in
climate and landscape.

Although patterns of epiphyte biomass, richness, and commu-
nity composition have been documented in many tropical forests,
it is unclear how these communities vary at different spatial scales
and land-cover types in the same region. We examined the biomass,
community composition, and richness of vascular epiphytes at two
spatial scales: (1) along an elevation gradient spanning premontane
forests to montane cloud forests and (2) within trees along branches
from inner to outer crown positions. We also compared epiphyte
biomass and distribution at these scales between two different
land-cover types, comparing trees in closed canopy forest to iso-
lated trees in pastures. Specifically, we asked the following: How do
elevation, land-cover type, and branch position impact epiphyte bio-

mass, community composition, and richness?

2 | METHODS
2.1 | Study sites

The Monteverde region of Costa Rica is an ideal location for this
study due to its abundant and diverse epiphyte communities occu-
pying multiple land-cover types that are spread over a wide range of
elevations. We included six forested sites along an elevation gradient
from 1,131 m to 1613 m, which spanned from the cloud forest on the
Atlantic side of the continental divide (El Valle Forest) to below the
cloud base on the Pacific side (UGA Forest; Table 1). We did not sample
between 1,200 and 1,300 m due to steep, landslide-prone slopes. Our
land-cover types included closed canopy forest (primary and second-
ary; hereafter, “forest”) and pasture (Table 1). We selected three pas-
ture sites based on their similarity in elevation and proximity to three
of the forest sites. We were unable to find a pasture site match for all
the forested sites, but the three that were included in this study were
at the top, middle, and bottom of the elevation gradient and therefore

encapsulated the range in microclimate throughout the gradient.

2.2 | Microclimate data

All sites occurred along an elevation gradient established in an on-
going study on the effects of microclimate on epiphyte ecophysi-
ology (Gotsch et al., 2017). All nine sites experience seasonal dry

periods from about February through April, but the higher elevation
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TABLE 1 Locations, land-cover types, mean and minimum distances among study trees, mean annual temperature, relative humidity,
and vapor pressure deficit (VPD) for nine study sites across an elevation gradient including six forests and three pastures in the Monteverde
region of Costa Rica. Dark borders around sites denote forest-pasture pairs of similar elevations

Mean Min. Mean Mean
Elevation Land-cover Tem VPD VPD
Site Location Lat, Long Dist. Dist. Temp. RH
(m) Type 3 p SE SE (KPA) SE
(m)  (m) O (%)
The Closed Canopy
El Valle Children's ~ N10° 19.246',
1613 Forest- 269 82 16.9 0.18 99.2 0.3 0.02 0.01
Foresta Eternal W84° 46.166' oy
Rainforest Intact/Primary
El Valle Private N10°20.626',
1564 Pasture 87 50 16.5 0.26 97.5  0.46 0.05 0.01
Pasture Farm W84° 48.259'
Closed Canopy
CCT Monteverde ~ N10° 18.481',
1563 Forest- 179 127 16.7 0.20 98.1  0.38 0.04 0.01
Foresta Reserve W84° 47.977'
Intact/Primary
Curi Closed Canopy
Upper CC N10° 18.522',
1554 Cancha Forest- 51 16 16.8 0.29 96.1  0.69 0.08 0.01
Forest? W84° 47.926'
Reserve Intact/Primary
Lower CC Private N10° 17.691',
1501 Pasture 57 41 17.2 0.21 97.0  0.52 0.06 0.01
Pasture Farm W84° 48.027'
) Closed Canopy
Curi
Lower CC N10° 18.377', Forest-
1478 Cancha 31 23 17.6 0.18 942  0.64 0.12 0.01
Foresta W84° 48.200' Secondary with
Reserve
remnant trees
Closed Canopy
Buen
Private N10°16.648', Forest- Primary
Amigo 1077 164 65 19.9 0.14 90.0 0.82 0.25 0.02
Reserve W84° 47.573' with timber
Forest?
removal
Buen
Private N10° 16.645',
Amigo 1060 Pasture 352 112 19.9 0.19 90.0 0.68 0.24 0.02
Farm W84° 47.729'
Pasture
Closed Canopy
UGA University ~ N10°17.004",
1131 Forest- 35 22 20.6 0.43 843  4.03 0.45 0.14
Foresta of Georgia ~ W84° 47.932'
Secondary

@Forest site selection and designations follow Gotsch et al. (2017). Elevations differ slightly from Gotsch et al. (2017) because site elevations in this

study were averaged among trees sampled.

sites are typically cooler and wetter compared with the lower sites
where the dry periods are more severe (Gotsch et al., 2017). There
are two long-term weather stations across this gradient, includ-
ing the Monteverde Cloud Forest Reserve (CCT Forest) where the
average annual precipitation at the upper site is 4,000 mm and at
the lowest site (UGA Forest) which receives 2,300 mm (Gotsch et
al., 2017). Microclimate stations were installed in forest and pas-
ture sites, where in-canopy temperature and relative humidity (RH)
were measured four times per hour using HOBO Pro v2 dataloggers

(Onset Computer Corporation, Bourne, MA). Raw data were used

to calculate mean annual temperature, RH, and subsequently vapor
pressure deficit (VPD) via the Tetens formula (Buck, 1981), using

monthly average from 2017 to 2018 to generate standard errors.

2.3 | Tree selection and branch sampling

We sampled epiphytes in the forest sites in 2016 and in pasture
sites in 2017. The trees selected in each site were common spe-

cies, appeared to be safe to climb, had similar diameters, crown
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architectures, and exposures (Table 2). Although epiphyte commu-
nities can vary among host tree species (e.g., Callaway, Reinhart,
Moore, Moore, & Pennings, 2002), the host's physical attributes can
be of overriding importance (Catling & Lefkovitch, 1989; Mehltreter,
Flores-Palacios, & Garcia-Franco, 2005; Woods, 2017; Zimmerman
& Olmsted, 1992). In TMCFs, tree size and crown architecture are
superior predictors of epiphyte richness and biomass than host
species (Hietz & Hietz-Seifert, 1995; Laube & Zotz, 2006; Wagner,
Mendieta-Leiva, & Zotz, 2015). For this reason, and because conspe-
cific trees with comparable size and crown structure were difficult
to find across our elevation gradient, we selected our trees based
on similarity in tree size and crown structure, and not species. Mean
distance among study trees at each site was measured in Google
Earth using GPS coordinates for each tree and averaged ca 200 m
(Table 1). The sample trees in pasture sites were isolated from the
closed canopy forest, and the degree of isolation was calculated
using the mean distance for the eight cardinal and subcardinal direc-
tions to nearby forest patches (Table 2).

We used stationary-rope climbing techniques to gain access to
tree canopies and moving-rope systems to move laterally within
crowns (Anderson, Koomjian, French, Altenhoff, & Luce, 2015;
Jepson, 2000). We chose branches that supported epiphyte com-
munities that were representative of the host tree, and which we
could safely lower to the ground with minimal disturbance. Epiphyte
mats, which consisted of vascular and non-vascular species and de-
composing organic material, were sampled at 1-m intervals along
the branch, beginning 1 m from the branch's junction with the main
trunk and ending where the branch diameter narrowed to 1 cm
(Nadkarni et al., 2004). One entire canopy branch (8-17 min length)
was sampled from each of the study trees. We collected epiphyte
mats within the crown to the point where the branch was too small
for safe access. We then cut and lowered distal portions of the
outer branches to the ground to complete the epiphyte sampling.
Epiphyte mat samples were a minimum of 20 cm in length, but if an
individual epiphyte bisected the endpoint, the sample was extended
to include the entire individual plant. This difference in epiphyte mat
length among samples did not affect biomass patterns along our el-
evation or branch gradients (two-way ANOVA: F,, = 0.45, p = .952;
epiphyte mat length: F, = 0.76, p = .385; family: F,4 = 2.47, p =.001).
To allow for relative comparisons among branches of different
lengths, we aggregated epiphyte mat samples into inner, middle,
and outer branch positions by dividing the total branch length into
thirds (Nadkarni et al., 2004; Steege & Cornelissen, 1989; Veneklaas
etal., 1990).

We transported epiphyte mats to a nearby laboratory in plastic
bags. We included only live vascular plant components above the
canopy soil. Canopy soil, vascular plant roots, dead organic material,
and non-vascular plants were excluded. All samples were separated
into morphospecies (defined by distinct morphological features),
photographed, and placed into paper bags. The bags were placed
into drying ovens within two to five days of collection and dried to
constant weight (<2.5% change in weight). We identified 96% of the

taxa to the family level and 27% of the taxa to the genus or species
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level with the assistance of local taxonomic experts. All taxa that
could not be identified to at least the genus level were categorized
as different morphospecies.

We calculated biomass by dividing the dry mass for each species
and morphospecies by the surface area of the branch location from
which the sample's epiphyte mat was taken. We calculated the sur-
face area of the supporting branch position using the formula for
the surface area of a cylinder and the length of each epiphyte mat.
The distal portion of the canopy branch is much like an edge habi-
tat regardless of the branch length. Therefore, we used the relative
position on the branch considering the relative distance between
exposed branches and shaded crown interior no matter the absolute
length of the branch (Steege & Cornelissen, 1989; Veneklaas et al.,
1990). To allow for these relative comparisons among branches of
different lengths, epiphyte mat samples were aggregated into “inner,”
“middle,” and “outer” branch positions by dividing the total branch
length into thirds (Nadkarni et al., 2004; Steege & Cornelissen, 1989;
Veneklaas et al., 1990).

We combined all species and morphospecies at the family level
for analysis, except for the ferns, which we grouped as Pteridophyta.
We also categorized plants into functional groups following Gotsch
et al. (2017): epiphytic shrubs, herbaceous epiphytes, single-stem
woody epiphytes, and bromeliads. Bromeliads were included in
both the family and functional group analyses because their tank/
rosette growth form and absorptive hairs on the interior leaves may
be functionally unique to this family, and their association with CAM
photosynthesis allows them to often occupy drier microsites than

herbaceous and other epiphyte functional groups.

2.4 | Data analysis

All analyses were conducted using R and EstimateS (Colwell,
2013; R Core Team, 2016). Shapiro-Wilk tests were used to evalu-
ate normality of biomass and taxon richness. Biomass, which was
not normally distributed, was log-transformed to achieve normal-
ity (W = 0.98, p = .80), whereas taxon richness (both number of
species and rarefied richness) was normally distributed (W = 0.95,
p =.27; W=0.98, p =.740). Homoscedasticity of residuals was veri-
fied using the autoplot feature in the R package ggplot2 for each
ANOVA model (Wickham, 2016). Chao2 estimates of rarefied taxon
richness were calculated in EstimateS (Colwell, 2013). We present
both number of species and rarefied species richness to enable
comparisons with other studies that use rarefied richness across
sampling sites.

We used one-way ANOVAs to examine the effects of elevation
on epiphyte biomass and taxon richness and to determine the effect
of position on branch on epiphyte biomass and richness. To examine
the effects of elevation and land-cover type on epiphyte biomass and
taxon richness, we performed two-way ANOVAs on the subset of
paired pasture and forest sites. We used three-way ANOVAs to as-
sess the interaction between elevation, land-cover type, and position

on branch on epiphyte biomass and richness. To determine whether
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TABLE 2 Tree species, size, and

Degree of . .
elevation data for each site. Degree of
Site Tree Species DBH (cm) Elevation (m) isolation (m) . N g X
isolation from forest (calculated using the
El Valle Forest Sapium rigidifolium 109 1,607 Not isolated, average distance for the eight cardinal and
forest subcardinal directions to nearby forest
Sapium rigidifolium 115 1,612 Not isolated, patches) is given for each pasture tree
forest
Ficus crassiuscula 263 1,621 Not isolated,
forest
El Valle Pasture Slona ampla 145 1,574 221
Sapium glandulosum 77 1,559 253
Sapium rigidifolium 87 1,561 208
CCT Forest Sapium rigidifolium 117 1,562 Not isolated,
forest
Sapium rigidifolium 97 1,544 Not isolated,
forest
Ficus tuerckheimii 445 1,585 Not isolated,
forest
Upper CC Forest Ficus tuerckheimii 245 1,544 Not isolated,
forest
Ficus tuerckheimii 201 1,559 Not isolated,
forest
Dussia 191 1,561 Not isolated,
macroprophyllata forest
Lower CC Pasture Ocotea insularis 80 1,522 87
Ocotea insularis 76 1,496 113
Sapium rigidifolium 81 1,487 142
Lower CC Forest Sideroxylon 163 1,477 Not isolated,
portoricense forest
Pouteria exfoliata 176 1,479 Not isolated,
forest
Sideroxylon 165 1,480 Not isolated,
portoricense forest
Buen Amigo Forest Pouteria fossicola 172 1,076 Not isolated,
forest
Mortoniodendron 165 1,086 Not isolated,
costaricense forest
Ficus isophlebia 353 1,069 Not isolated,
forest
Buen Amigo Pasture  Cupania glabra 85 1,036 106
Pouteria reticulata 164 1,053 123
Ehretia latifolia 105 1,090 82
UGA Forest Ehretia latifolia 184 1,123 Not isolated,
forest
Sideroxylon 158 1,128 Not isolated,
portoricense forest
Sideroxylon 125 1,144 Not isolated,
portoricense forest

there was a significant association of epiphyte family and functional
group biomass with elevation, land-cover type, and position on
branch, we conducted nested ANOVAs and examined the patterns
of each individual family and functional group using separate one-

way ANOVAs. We adjusted alpha levels using Bonferroni corrections

(biomass: alpha = 0.005, richness: alpha = 0.013, individual families:
alpha = 0.001, individual functional groups: alpha = 0.004).

We analyzed patterns in community composition with non-met-
ric multidimensional scaling (NMDS) in the R package Vegan
(Oksanen, 2009; Oksanen et al., 2017). The ordination plots
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containing two dimensions for community composition had low
stress (0.23), a non-metric fit RZ = 0.94, and a linear fit R? = 0.68.
We also used PERMANOVA to verify the relationships of species
and morphospecies biomasses across elevation and land-cover types
using the “Adonis” function (Oksanen, 2009; Oksanen et al., 2017).
Environmental data were overlaid as vectors onto the ordination
output using the “envfit” function to quantify correlations between
microclimate variables and ordination axes. Microclimate data were
overlaid as vectors onto the ordination output using the “envfit”
function to quantify correlations between the ordination axes and
temperature, RH, and VPD. For community composition among posi-
tion on branch, there was insufficient overlap in species, so we used
the composition of family-level biomass assemblies for comparisons.
Variation in family-level community composition in response to po-
sition on branch was also analyzed using NMDS and PERMANOQOVA.

The findings for each of these results are summarized in Table 3.

3 | RESULTS
3.1 | Elevation gradient

Total vascular epiphyte biomass did not vary with elevation (F, = 0.76,
p = .640); however, the biomass of particular epiphyte families var-
ied significantly across sites within the elevation gradient (F,, = 4.67,
p < .001, elevation: Fg = 1.04, p = .41). At the highest elevation forests
(El Valle and CCT), the families making up the greatest percentage of
the biomass were Araliaceae and Ericaceae, whereas at the middle el-
evations (upper CC and lower CC), Ericaceae and Orchidaceae made
up the greatest proportion of biomass (Figure 1a). At the lowest eleva-
tion forested sites (Buen Amigo and UGA), Clusiaceae, Ericaceae, and
Rubiaceae made up the majority of the total biomass (Figure 1a). In
addition, although not statistically significant, Hymenophyllaceae were
greatest in biomass at the highest elevation sites where cloud immer-
sion is routine, decreased with elevation, and were absent at the two
lowest elevation forested sites below the cloud base. The biomass of
functional groups also varied significantly with elevation (F,, = 7.21,
p < .001, elevation: Fy = 1.24, p = .29). However, this trend was driven
by variation among functional groups within sites; no single functional
group varied with elevation. Among all sites, the shrub functional group
made up a majority of the biomass (including Araliaceae, Clusiaceae,
Ericaceae, and Rubiaceae), whereas at the middle elevation sites herbs
(Orchidaceae) were an important contributor to the total vascular epi-
phyte biomass (Figure 1a). Rubiaceae shrubs varied significantly across
the elevation gradient, reaching greatest biomass at the lowest eleva-
tion forested sites and decreasing with elevation (F, = 11.57, p =.001).

We found a difference in community composition for epi-
phytes between the three higher and three lower elevation for-
ests (PERMANOVA: R? = 0.23, p = .005; envfit: R? = 0.75, p = .001;
Figure 2, Table 4); higher elevation forests (El Valle, CCT, and upper
CC) clustered together as did the lower elevation forests (lower
CC, Buen Amigo, and UGA). The vectors representing temperature,

relative humidity, and VPD were each significantly correlated with
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NMDS axis 1 and likely structured variation in community compo-
sition along this axis. Although elevation was also significantly cor-
related with community composition patterns of axis 1, each of the
climate variables (temperature, RH, and VPD) was more strongly cor-
related with differences in community composition than elevation
(Table 4). An ordination that included a subset of data that contained
only the individuals identified to genus or species also indicated a
difference in community composition between upper and lower for-
ests. However, in this subset analysis, the clustering of trees with
respect to elevation was less distinct compared with the ordination
including all species and morphospecies (PERMANOVA: R? = 0.23,
p =.005, envfit: R? = 0.47, p = .001).

Taxon richness (all species and morphospecies) increased
with elevation; the UGA Forest averaged just 18 taxa per branch,
whereas the El Valle Forest supported an average of 52 taxa per
branch (Figure 3, Table 5, ANOVA: F, = 3.59, p = .012). Elevation had
no significant effect on rarefied taxon richness (Table 5, ANOVA:
Fg =159, p= .198). There was more variation in rarefied richness
across elevation, and though not statistically significant, overall the
upper and middle elevation forests were greater in richness (90-120

taxa) compared with the lower elevation sites (50-60 taxa).

3.2 | Land-cover types

There was no significant difference in the total biomass per branch
surface area between pairs of forest and pasture across elevation
(F2 = 1.87, p = .197; elevation: F, = 0.16, p = .857; land-cover type:
F, = 0.487, p = .499). However, there were significant differences
in biomass between forest and pasture sites for particular fami-
lies (F5g = 3.52, p < .001; elevation: F, = 1.89, p = .156; elevation/
land-cover type: F; = 0.70, p = .554). Bromeliaceae contributed the
greatest biomass in the pasture sites, whereas in forests they were
less than 10% (Figure 1b). At the lowest and middle elevation pas-
tures, the families that made up the greatest amount of biomass
were Bromeliaceae (36%) and Rubiaceae (37%; Figure 1b). Ericaceae
shrubs varied between land-cover types and had greater biomass, in
general, in the forested sites (Figure 1b; F, = 0.37, p = .728; elevation:
F,=0.016,p = .989; land-cover type: F, = 13.24,p = .004). Functional
groups varied significantly with land-cover type (F 4 = 4.78, p < .001;
elevation: F, = 0.65, p = .526; elevation/land-cover type: F; = 1.01,
p =.395). Shrub biomass varied between land-cover types (F, = 0.71,
p = .508; elevation: F, = 1.90, p = .187; land-cover type: F, = 14.91,
p = .002), where shrubs were greater in biomass in forested sites
compared with pastures. Although the analysis of variation in shrub
biomass is confounded by variation in Ericaceae between land-cover
types, there were a number of other shrub taxa (including Araliaceae
and Rubiaceae) that were also included in the “shrub” functional
group category. Herbs were proportionally greater in the forested
sites where they represented 25% of the biomass, whereas in pas-
ture sites they composed ca. 10% of the biomass.

Community composition differed between land-cover types
(R? = 0.11, p = .005; envfit: R? = 0.36, p = .001; Table 4), and pasture
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TABLE 3 Summary findings for biomass, community composition, and taxon richness across the elevation gradient, between land-cover

types, and across the within-branch gradient

Attribute Elevation

Biomass

Differences in family and functional
group biomass

Community composition Differs with elevation

Taxon richness Increased with elevation

trees clustered together in our ordination (Figure 2). Including only the
individuals identified to genus or species was also significant in this
ordination analysis, but the clustering of trees was less distinct with
slightly more overlap among groups compared with the ordination that
included all species and morphospecies (R? = 0.07, p = .010, envfit:
R?=0.36, p =.001). However, neither taxon richness (F,=2.47,p=.126;
elevation: F, = 7.37, p = .008; land-cover type: F, = 0.03, p = .863) nor
rarefied richness (F2 =0.68, p =.527; elevation: F, = 1.86, p = .198; land-
cover type: F, = 0.32, p = .581) varied between land-cover types.

3.3 | Tree branch gradient

For all nine sites, although total epiphyte biomass varied among
position on branch (F, = 4.12, p = .020), the Bonferroni-adjusted p-
value was not significant. The inner branches were always occupied
by epiphytes, but none of the functional groups or families reached
their highest biomass there. Families and functional groups varied
significantly with position on branch (family: F,,, = 2.90, p < .001;
elevation: Fg = 3.19, p = .001; elevation/branch position: F,g = 3.13,
p < .001; and functional group: F,, = 2.75, p < .001; elevation:
Fg = 1.74, p = .086; elevation/branch position: F;, = 1.69, p = .038,
respectively). Pteridophyta and herbs reached greatest biomass at
middle branch positions.

The ordination for family-level community composition was not
significant for position on branch (R? = 0.03, p =.230). For all sites,
both taxon richness and rarefied richness were greater on the inner
and middle branch positions compared with outer branch positions;
however, we found no significant effect of position on branch on
rarefied richness (F, = 2.44, p = .094), whereas taxon richness was
significant (F, = 20.53, p < .001). Among the forested sites, inner
and middle branch positions supported a greater number of taxa
(5-8 taxa) compared with outer positions (1-4 taxa) (Table 5). For
the pasture sites, taxon richness varied with position on branch, but
this pattern was driven by significant differences at the uppermost
elevation pasture (El Valle); we found no significant differences
among position on branch for the middle (lower CC) or lower eleva-
tion (Buen Amigo) pastures (Table 5). An identical analysis performed
on the subset of taxa identified to genus and species yielded similar

results.

Total biomass: no significant difference

Land-cover (forest/pasture

comparison) Within-branch

Total biomass: no significant
difference

Total biomass: no significant
difference

Differences in family and func-
tional group biomass

Differences in family and func-
tional group biomass

Differs between land-cover
types

No significant difference

Declined from inner to outer
branches

No significant difference with
land-cover type

4 | DISCUSSION
4.1 | Elevation gradient

Epiphyte communities in forests varied between those below the
cloud base (lower CC, Buen Amigo, and UGA) and those in the cloud
layer (El Valle, CCT, and upper CC). In the forest sites, the three
upper elevation sites supported epiphyte communities that were
distinct from the three lower sites, a separation that occurred at ap-
proximately the elevation of the cloud base. We did not measure
cloud immersion in this study, but previous work has documented
that constant immersion of orographic clouds occurs at elevations
between 1,500 and 2,500 m in TMCEF regions (Welch et al., 2008).
Cloud immersion increases relative humidity and water inputs from
mist, and reduces transpiration and vapor pressure deficit (Hu &
Riveros-lregui, 2016; Lawton et al., 2001), which may favor taxa de-
pendent on direct cloud contact. The importance of microclimate
in driving patterns of community composition in vascular epiphytes
was also previously found in this region by Gotsch et al. (2017).

Although not statistically significant, Hymenophyllaceae were
greatest in biomass at the highest elevation sites where cloud immer-
sion is routine, decreased with elevation, and were absent at the two
lowest elevation forested sites below the cloud base. Members of
this family are putative indicators of cloud forest habitat since they
typically lack differentiated epidermises, stomata, and cuticles that
would otherwise regulate water loss (Hietz & Hietz-Seifert, 1995;
Kelly, 1985). This suggests that some Hymenophyllaceae could be
useful indicators of cloud forest habitat. In contrast, Rubiaceae were
greatest in biomass at the lowest elevation sites, which are the driest
sites in our study region. Many epiphyte species within this family
also possess succulent leaves that may allow them to occupy drier
habitats without routine cloud immersion.

Temperature decreased and RH increased with elevation
across our gradient. Such changes in microclimate with elevation
have been found to be strong drivers of variation in biomass and
species richness of vascular epiphytes (Bussmann, 2001; Ding et
al., 2016; Gehrig-Downie et al., 2012; Gotsch et al., 2017; Hietz
& Hietz-Seifert, 1995; Wolf & Flamenco-S, 2003). A mid-eleva-
tion peak in epiphyte richness (between 1,000 and 2000 m in el-
evation) was first observed by Gentry and Dodson (1987) and has
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FIGURE 2 Non-metric
multidimensional scaling ordination
featuring variation in epiphyte community
composition among six forested and
three pasture sites in the Monteverde
region of Costa Rica. Input data included
biomasses of taxa identified to the level
of species or morphospecies. Each point
represents an individual tree's epiphyte
community composition, and each symbol
type represents a site. Ellipses represent
95% confidence intervals for three upper
elevation forested sites (above cloud
base), three lower elevation forested sites
T (below the cloud base), and three pasture
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2 o o El Valle Forest
2 El Valle Pasture
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TABLE 4 NMDS ordination of variation in vascular epiphyte
community composition for 27 trees at 9 sites spanning an
elevation gradient from 1,060 to 1613 m and encompassing forest
versus pasture land covers in the Monteverde region of Costa Rica.
R? and p-values were derived via PERMANOVA (for factors) and
envfit (for vectors)

R2

Factors p-value
Site (UGA, Buen Amigo, lower CC, upper 0.34 0.005
CC, CCT, El Valle)
Land-cover type 0.09 0.005
Site and land-cover type 0.10 0.005
Upper elevation forests (El Valle, CCT, upper 0.23 0.005
CC), lower elevation forests (lower CC,
Buen Amigo, UGA), pastures
Vectors
Elevation 0.59 0.001
Mean temperature 0.67 0.001
Mean relative humidity 0.71 0.001
Mean vapor pressure deficit 0.68 0.001
Average tree distance 0.02 0.833
Min. tree distance 0.09 0.332

lack of a unimodal peak in epiphyte taxon richness along our ele-

vation gradient.

4.2 | Land-cover type

The increasing pressures of climate and land-cover changes are likely
to shift vascular epiphyte communities toward more drought-resist-
ant species. Pasture trees and their epiphytes likely experience drier
microclimates than forests, which may be a driver for variation in
epiphyte community composition between land-cover types (Koster
et al., 2013; Koster, Nieder, & Barthlott, 2011). Although total bio-
mass did not differ between land-cover types, there were signifi-
cant differences in biomass of families and functional groups, and

in community composition between forest and pasture trees. Some

functional groups and families may benefit from drier conditions in
pasture trees. For example, Bromeliaceae and Clusiaceae were more
prevalent in pasture sites compared with forested sites. Some mem-
bers of these families feature Crassulacean acid metabolism (CAM)
photosynthesis and water-holding leafy rosettes that are adapta-
tions to drier microclimates (Benzing, 2000; Crayn, Winter, Schulta,
& Smith, 2015).

Unlike cloud forest trees, where richness reliably declined from
inner to outer branch position, taxon richness among position on
branch in these isolated pasture trees had similar numbers of taxa
among branch positions. One exception was the uppermost ele-
vation pasture (El Valle), which supported more taxa on the inner
and middle crown positions, compared with the outer crown.
These results suggest that pasture trees in the middle and lower
elevations may experience less variation in microclimate and there-
fore a narrower niche from inner to outer crown positions, which
could constrain systematic variation in branch-level species rich-
ness. Fewer species may be able to succeed at any position on
the branches in exposed pasture trees. Taxa adapted to wetter
microclimates were lacking from the drier microclimates and sites,
including Hymenophyllaceae. Epiphytes in isolated pasture trees
are more exposed to warmer, drier, and windier conditions around
the entire crown (Késter et al., 2013, 2011; van Leerdam, Zagt, &
Veneklaas, 1990). While this idea is intuitive, a greater resolution
of microclimatic data across branches would be needed to confirm
this hypothesis.

Differences in epiphyte community composition and biomass be-
tween forest and pasture trees may have cascading effects on other
species that depend on epiphyte resources. For example, the fruits
and flowers of Ericaceae, a family that made up a greater proportion
of biomass in forests than pastures, are important food resources for
birds (Nadkarni & Matelson, 1989). Nadkarni and Matelson (1991)
found that birds foraging in epiphytes commonly visited woody epi-
phytes, whereas herbaceous epiphytes were less commonly visited.
Therefore, reductions in biomass of Ericaceae in forests and pas-
tures could alter food resources available for wildlife (Koster et al.,
2013, 2011).
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FIGURE 3 Box plot of taxon richness 704
(number of taxa) and rarified richness

(Chao 2) for all species and morphospecies 601

among sites including six forest sites and
three pastures in the Monteverde region
of Costa Rica
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4.3 | Tree branch gradient

We found no statistically significant differences in total branch bio-
mass from inner to outer branch positions, though there was a trend
for the inner and middle branch positions to have greater biomass
than the outer branch positions. At the branch scale, we documented
a decline in taxon richness from the inner to outer branch positions.
Inner and middle branch positions may receive optimal amounts
of light, retain more moisture, and provide more branch area for
growth, therefore fostering a greater number of species compared
with the warmer, drier, and more exposed outer branch positions
(Cardelts & Chazdon, 2005; van Leerdam et al.,, 1990; Sanger &
Kirkpatrick, 2017). The lack of difference in overall vascular epiphyte
biomass with a difference in taxon richness among branch positions
found in this study suggests that fewer species represent a greater
proportion of the biomass in the outer branch positions and drier
sites. In addition, outer branches are younger in age which provides
less time for epiphyte establishment compared with the middle and
inner branch positions. Heterogeneity in epiphyte species richness
with position on branch may be at least partly explained by variation
in substrate age, and the inner branch positions of old growth for-
est trees are especially important for epiphyte species that are late
colonizers (Woods, 2017).

5 | CONCLUDING REMARKS

Climate change may affect spatial scales differently, and therefore,
it is important to document biomass, richness, and community
composition at different spatial scales and between land-cover
types to understand the scales at which species may be most vul-
nerable. We found differences in community composition with
elevation and land-cover type. Forest-to-pasture conversion at
lower elevations in the tropics may encourage an increase in the
elevation of cloud formation (Lawton et al., 2001), which may have
more severe consequences for pasture versus forest epiphytes
in TMCFs (Hu & Riveros-Iregui, 2016). There may also be greater
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negative effects for some species at outer branch positions and
lower elevations where drier and warmer microclimates prevail,
and pasture trees may be the most affected. Future research
may consider sampling tree crowns more thoroughly with multi-
ple branches in conjunction with elevation and land-cover type.
Additionally, future studies should consider combining measure-
ments of climatic variables at the sampling locations within-tree
crowns, which may allow for a better understanding of community
composition differences at the crown level with respect to broad-
scale landscape gradients.

We compared that epiphyte community biomass, diversity, and
community composition in trees at different elevations, branch
positions, and land-cover characteristics. With climate change,
warmer and drier conditions are projected for montane regions
because of increases in cloud base heights and air temperature (Hu
& Riveros-Iregui, 2016; Lawton et al., 2001; Pounds et al., 2006;
Still et al., 1999). The effects of potential climate change and hab-
itat loss through conversion of forest to pasture lands may have
important impacts on epiphyte communities that depend on host
trees for survival. Our results suggest that pasture trees support
different communities of epiphytes, including families that have
drought-tolerant species, and notably lack groups dependent on
cloud water input, including Hymenophyllaceae. Understanding
the impacts of land cover, particularly across a elevation gradients
of cloud forest, may inform land management decisions that affect
epiphyte populations that contribute to biodiversity and ecosys-

tem function.
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TABLE 5 Richness estimates across elevation, land-cover type, and branch position
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