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Abstract. We identify changes in the functional composition of vascular epiphytes along a
tropical elevational gradient with the aim of quantifying the role of climate in determining the
assembly of epiphyte communities. We measured seven leaf functional traits (leaf area, specific
leaf area, leaf dry-matter content, leaf thickness, force to punch, stomatal density, and poten-
tial conductance index) in the 163 most abundant epiphyte species recorded across 10 sites
located along an elevational gradient between 60 and 2,900 m above sea level in the Colom-
bian Andes. We grouped the epiphyte species into seven hierarchical functional groups accord-
ing to their most characteristic leaf traits. Along the elevational gradient, the two main
independent leaf trait dimensions that distinguished community assemblages were defined
primarily by leaf area-photosynthetic (LAPS) and mass-carbon (LMCS) gradients. Mean
annual temperature was the main determinant of species position along LAPS. In contrast,
local changes in specific leaf area due to variation in the epiphytes’ relative height of attach-
ment was the main determinant of their position along the LMCS. Our findings indicate that
epiphytic plant leaves have evolved to optimize and enhance photosynthesis through a leaf
area—based strategy and carbon acquisition through investments in construction costs of leaf
area per unit of biomass that aim to regulate light capture and tissue development. Given that
most studies of plant functional traits neglect vascular epiphytes, our quantification of the
multiple dimensions of epiphyte leaf traits greatly augments our understanding of vascular
plant function and adaptation to changing environments.

Key words:  functional groups; leaf economic traits; leaf spectrum; specific leaf area; stomatal
conductance, tropical Andean forests; vascular epiphytes.

INTRODUCTION

Functional traits have been widely used to help eluci-
date fundamental evolutionary and ecological patterns
associated with variation in plant form and function,
such as the geographic distributions of woody and non-
woody species (Diaz et al. 2016). For woody plants,
traits such as maximum height (m), specific wood
density (g/em’), and leaf mass per area (g/cm?) play
important roles in determining the trade-off between
demographic performance (e.g., reproduction, mortality,
and growth) and the shade tolerance or longevity
(Poorter et al. 2008, Wright et al. 2010). For nonwoody
plant species, the importance of leaf functional traits
and the leaf economic spectrum (LES) in differentiating
evolutionary and ecological strategies is magnified
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(Wright et al. 2004). Broadly, the LES shows a trade-off
between two contrasting strategies of plant function and
adaptation to environmental restrictions (Wright et al.
2004, Shipley et al. 2006, Diaz et al. 2016): (1) rapid
resource acquisition for fast growth vs. (2) high con-
struction costs for well-defended leaves with longer life
spans. Although trait relationships depend in part on
the length of the environmental gradient and spatial
scale (Messier et al. 2017), the LES is useful for charac-
terizing the extent to which foliar area and mass deter-
mine photosynthetic rates and the rate of return on
carbon investment in leaves (Osnas et al. 2018).

Most studies of plant traits overlook vascular
epiphytes, nomadic vines, and hemiepiphytes (that is to
say, nonparasitic plants that live part or all of their life
span in trees [Benzing 1990]—hereafter referred to col-
lectively as just epiphytes). The exclusion of epiphytes is
troublesome, given their high diversity in some habitats.
Vascular epiphytes often represent up to 50% of the total
vascular species in tropical forests at local scales (Gentry
and Dodson 1987, Haber et al. 2001) and represent
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about 10% of the total vascular plant diversity at subna-
tional, national, or regional scales (Ibisch et al. 1996, Ek
1997, Schmidt et al. 2002, Iddrraga and Callejas 2011,
Zotz 2013a, b). Furthermore, vascular epiphytes may be
particularly suited for elucidating constraints on plant
adaptations and leaf development due to their capacity
to grow in a complex three-dimensional environment
where conditions such as light, water availability, and
host tree structure can change dramatically over a dis-
tance of just a few meters (Kromer et al. 2007, Woods
et al. 2015, Petter et al. 2016). Indeed, vertical environ-
mental gradients within forests can have significant
influences on the functional composition of epiphytes
and on traits such as leaf dry-matter content (LDMC)
and specific leaf area (SLA; Petter et al. 2016). For
example, in a Panamanian forest, SLA of epiphytes
decreased with increasing host tree height because of
changes in exposure (Petter et al. 2016).

Another important distinction between epiphytes and
other plants is that epiphytes have limited or no access
to ground-based resources. This has forced epiphytes to
develop many different strategies to acquire, process,
and use resources (Benzing 2000, Zotz and Andrade
2002). For example, some epiphytes offset water deficits
through the development of succulent leaves, optimize
light interception in the dark understory by increasing
foliar area, and/or resist exposure to direct sunlight or
pests with tough leaves (Benzing 1990, Gotsch et al.
2015, Petter et al. 2016). Likewise, many epiphytes have
developed mechanisms that increase water interception
and uptake, such as the “narrow leaves syndrome”
(Martorell and Ezcurra 2007, Reyes-Garcia et al. 2008),
specialized foliar trichomes and stomata (Benzing 1976,
Pierce et al. 2001), modified water storage structures like
tanks (Benzing 2000), and velamen (Zotz and Winkler
2013).

Documenting the ways that epiphytic species adapt
and partition resources at local to regional scales (Zuleta
et al. 2016) can shed new light on plant adaptive strate-
gies and improve our understanding of the mechanisms
maintaining the high diversity of epiphytes that epito-
mizes much of the tropics (Kiiper et al. 2004, Kromer
et al. 2005). Furthermore, understanding how both
microclimatic (e.g., vertical variation in light availability;
Petter et al. 2016, Zuleta et al. 2016) and macroclimatic
(e.g., rainfall and temperature) variables influence the
distribution and functional composition of epiphytes at
different spatial scales will increase our ability to predict
their responses to global warming and other environ-
mental changes (Zotz and Bader 2009, Hsu et al. 2012).

In this study, we investigated the extent to which the
functional vascular epiphyte assemblages are determined
by macro- and microclimatic variation (the former being
largely shaped by geographic location and the latter
being shaped primarily by the relative height of attach-
ment and the vertical gradient of light and resources
among forest strata). To do this, we surveyed epiphytes
(including both epiphytes and hemiepiphytes) in 10
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different sites spanning a large range of elevations and
climates in northwest Colombia. Based on a survey of
the leaf traits of the most abundant epiphyte species in
each site, we categorized species into distinct functional
groups and analyzed changes in the functional composi-
tion of epiphytes at regional and local scales. Through
these analyses we aim to improve our understanding of
the factors determining leaf functional traits and func-
tional composition of tropical epiphytes.

MATERIALS AND METHODS

Study sites

This study utilized data and samples collected from 10
permanent 1-ha forest monitoring plots (each being
100 x 100 m). These plots are distributed across a large
geographical area in the northern tropical Andes, mostly
in the Antioquia province between 5°50'-8°61" N and
74°61'-77°33" W (Appendix S1: Fig. SI; see also Duque
et al. 2015). The plot locations span from 60 to 2,900 m
above sea level and the average total annual precipitation
ranges from 2,221 to ca. 4,260 mm/yr (Appendix Sl:
Table S1). The topography and geology of this region
are highly variable because of the presence of two moun-
tain ranges that influence the patterns of drainage, rain-
fall, and soil fertility at local scales (Instituto Geografico
Agustin Codazzi [IGAC] 2007).

Sampling of epiphyte assemblages

In 2013, we surveyed and registered vascular epiphytes
in each plot by adapting the SVERA method proposed
by Wolf et al. (2009) to assess epiphyte richness and
abundance. For the surveys, we haphazardly selected 35
host trees of the following six size classes within each of
the 10 1-ha tree plots: 10 trees with a diameter at breast
height (DBH) >30 cm and 25 trees in each of five smal-
ler DBH classes (5-10, 10.1-15, 15.1-20, 20.1-25, and
25.1-30 cm DBH). The vascular epiphytes on each host
tree were mapped by accessing the plants by climbing,
using ladders and/or binoculars. In most cases, epiphytes
were photographed for subsequent analyses and identifi-
cation (see Zuleta et al. 2016). We defined epiphyte indi-
viduals as all independent stems or closely packed
groups of conspecifics that were spatially separated and
distinguishable from other stems/clumps (Sanford 1968).
We counted spatially separated stems or plants sus-
pected to belong to the same genet as different individu-
als. We counted epiphytes with climbing habits (e.g.,
some ferns, aroids, and gesneriads) as separate individu-
als if their rhizomes and stems were not visibly con-
nected. We excluded epiphytes smaller than 5-cm height
(which were in many cases seedlings) because of the diffi-
culty of differentiating and identifying small plants at
the top of the canopy. Although epiphytes, nomadic
vines, and hemiepiphytes can be considered as different
growth forms (Zotz 2013q, b), we grouped them together
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based on their dependence on support from trees to
establish and grow (Engemann et al. 2016).

We measured the height above the ground (H) for the
point of attachment for all the epiphyte individuals. We
measured H to the nearest centimeter with the use of 15-
m telescopic fiberglass poles (Hastings Measuring Sticks
3JF-108823). When the location of an epiphyte exceeded
15 m, we used a laser rangefinder hypsometer (Nikon
550). The lack of direct access to some epiphytes, and
the obligate use of binoculars from the ground in some
cases, may have introduced error and caused us to some-
times underestimate total epiphyte species abundance
and richness, especially in the upper canopy (Flores-
Palacios and Garcia-Franco 2001, Gradstein et al.
2003). Given limitations, our results most accurately
reflect patterns for understory to midcanopy epiphytes
(Zuleta et al. 2016). The height of epiphyte attachment
(H) was then standardized with regard to the maximum
tree height at each site in order to minimize effects from
changing canopy heights between sites. In each site, we
measured 40% of the trees (selected at random; see Penia
et al. 2018) and the tallest tallied tree height was used as
the maximum tree height per site.

Functional traits

In 2013, we selected the epiphytic species that repre-
sented ~80% of individuals in each of the 10 study sites
(Pakeman and Quested 2007; Appendix S1: Table S1).
Through directed searches, we then located and collected
a minimum of five healthy adult individuals of each of
these most abundant species growing outside of the plots
(fallen plants and plants on fallen host trees were
avoided). We excluded Hymenophyllaceae species from
trait analysis because their thin leaves led to difficulties
when measuring some traits. Voucher specimens for each
morphotype were compared with voucher specimens of
the long-term monitoring study and deposited in the
Herbarium of the University of Antioquia (HUA).

A total of five fully expanded and healthy leaves were
sampled from each of the collected individuals. When it
was not possible to get five leaves per individual because
of a low number of leaves on the sampled plant, addi-
tional individuals were collected until we had a mini-
mum of 25 leaves per species. In total, 4,254 leaves were
sampled. The collected leaves were wrapped in damp
paper towels, packed in sealed plastic bags, and immedi-
ately stored in dark refrigerators at temperatures of
2-6°C for transport to the lab while maintaining a stan-
dard degree of turgor (Wilson et al. 1999).

For the sampled leaves, we measured the following quan-
titative traits following the protocols described by Pérez-
Harguindeguy et al. (2013): leaf area (LA: fresh leaf area,
mm?); leaf dry-matter content (LDMC: oven-dry mass/
fresh mass; mg/g); specific leaf area (SLA: fresh leaf area/
dry mass; mm?/mg), which can also be calculated as the
inverse of the leaf dry mass per area (LMA; SLA = 1/
LMA mg/mm?); leaf thickness (Lth; mm); force to punch
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(Fp: force needed to punch a hole through the leaf lamina;
N/mm); stomatal density (SD; number of stomata/mm?);
and potential conductance index (PCIL: guard cell
length® x stomata density x 10~% Holland and Richard-
son 2009; earlier proposed by Sack et al. 2003 as stomatal
pore area index). These traits are primarily associated with
(1) the investment of resources (SLA, LDMC, Lth, Fp;
Wright et al. 2004); (2) water and energetic regulation
(LA, SLA, SD, PCI; Hetherington and Woodward 2003,
Wright et al. 2004, Holland and Richardson 2009, Liet al.
2015, Blackman et al. 2016, Diaz et al. 2016); and (3) resis-
tance to herbivores and pathogens (SLA, Lth, FP; Wright
et al. 2004, Onoda et al. 2011).

According to standard protocols, we scanned each leaf
lamina and determined its area using the software ImageJ
(http://rsb.info.nih.gov/ij/). We measured the dry weight of
the leaves using an analytical balance with a precision of
0.0001 g. To measure leaf thickness, we employed a man-
ual micrometer (Mitutoyo, precision: 0.0001 mm). We
measured the force needed to punch through leaves, taken
as an index of the leaf toughness, with a Pesola® Medio-
Line Pressure Set adapted to Spring Scales (300, 600, 1,000
and 2,500 g of capacity). For this measurement, each lam-
ina was clamped between two acrylic plates and a steel rod
(1.5-mm diameter) was forced to perforate the leaf perpen-
dicularly. To measure stomatal density and size, we used a
40x zoom optical microscope (Nikon ECLIPSE E200 with
OPTIKAM 4083.11 camera) to count and photograph
stomata impressions in nail-polish molds taken from the
undersides of the leaves (avoiding ribs, and after removing
trichomes when necessary by carefully scraping the lamina
with razor blades). We measured stomatal densities in three
random points of 0.1886 mm? in the molds using ImageJ
(http://rsb.info.nih.gov/ij/), and we measured guard cell
length on three randomly selected stomata.

Definition of functional groups

We used the Ward’s linkage method of agglomerative
cluster analysis (Legendre and Legendre 2012) applying
Euclidean distances on a trait by species matrix
(7 traits x 163 species; see Appendix S1: Table S2) to
categorize the epiphyte species into functional groups
(FGs). The Ward’s linkage method has the advantage of
minimizing the variance within vs. between groups
(Ward 1963). The trait value of each species was repre-
sented by the mean of all measurements made on all
sampled leaves of all individuals collected for each spe-
cies. In other words, the mean value of each species was
obtained from a minimum of 25 samples taken from a
minimum of five individuals per species. We compared
means of each trait between FGs with a one-way analy-
sis of variance with post hoc Bonferroni tests. We
applied the Bonferroni test to identify the most charac-
teristic trait associated with each functional group.
Because of the low floristic similarity of the sampled spe-
cies (that is to say, the species that represented 80% of
individuals) between sites (0.52% 4+ 1.26%; rank =


http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/

Article e02858; page 4

0-5.19%), trait analysis is an appropriate method to
overcome the high species clustering and uniqueness of
epiphytes tallied in each site.

The epiphyte trait spectrum

For each of the 10 study plots, we used the quantita-
tive inventories of epiphytes and species trait means to
calculate the community weighted means (CWM;
Lavorel et al. 2008) of each of the seven traits (SLA,
LA, LDMC, Lth, Fp, SD, PCI) with weighting based on
relative species abundances. We then applied a principal
component analysis (PCA; Legendre and Legendre
2012) to the trait by site matrix (7 traits x 10 sites,
Appendix S1: Table S3) of the CWMs (CWMs stan-
dardized to mean zero and standard deviation one), to
analyze how the plant trait spectrum defines the func-
tional community assemblages of the epiphytic species.

Functional epiphyte assemblages vs. micro- and
macroclimate

Because the availability of water and light to epiphytes
is largely determined by their location within the forest
strata (Allen et al. 1972, Parker 1995), we used the
aboveground relative height of attachment of each indi-
vidual epiphyte (H) as a surrogate of microclimatic vari-
ation at the local scale (Petter et al. 2016, Zuleta et al.
2016). Relative H was calculated as the ratio between the
observed epiphyte height of attachment and the maxi-
mum tree height measured in each plot.

To assess trait variation in relation to height of attach-
ment, we built a matrix of mean relative H per FG and site
(7 FGs x 10 sites; see Appendix S1: Table S4). We then
performed a PCA (Legendre and Legendre 2012) on this
matrix and used the two main (and independent) PC axes
as surrogates of microclimate (Zuleta et al. 2016;
Appendix S1: Table S6) in subsequent analyses (referred to
hereafter as PCA 1 H and PCA 2 H). The mean values of
relative H per FG were standardized across sites to mean
zero and standard deviation one before performing the
PCA. The PCAs were performed with the rda function of
the R package vegan (Oksanen et al. 2018). The correlation
between the CWM traits of each site and the site scores of
the PCA H axes were assessed.

Because all of our study sites were located in wet, non-
seasonal tropical forests, we chose the mean annual tem-
perature (MAT, °C) and the average total annual
precipitation (TAP, mm/yr) as our macroclimatic vari-
ables. The MAT and TAP of all sites were extracted from
the CHELSA extrapolated climate rasters (http://chelsa-
climate.org; Karger et al. 2017; Appendix S1: Table S1)
at a spatial resolution of 30 arc-s (approximately 1 x 1-
km resolution in the study area). The two macroclimatic
variables (MAT and TAP) were not significantly corre-
lated with each other (r = 0.46; P value > 0.1). Neither
PCA 1 H nor PCA 2 H was significantly correlated with
either MAT or TAP (P value > 0.1).
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Finally, we used the Pearson correlation coefficient (r)
to analyze the relationships between the first two axes of
the functional trait assemblage PCA with the two macro-
climatic (MAT and TAP) and the two microclimatic
variables (PCA 1 H and PCA 2 H) to quantify the
degree to which climate explains variation in functional
composition.

Site and loading scores were both multiplied by —1 for
graphical purposes. All analyses were performed in R
3.1.0 (R Development Core Team 2014).

REsuLTs

Overall, 1,044 individuals belonging to 163 epiphyte
species (53 genera of 17 families) were collected and
measured. In total, 54.6% of the individuals were identi-
fied to the species level, 44.2% to the genus level, and
1.2% of individuals were unidentified. The most com-
mon groups of epiphytes were ferns (23.9%), orchids
(22.7%), aroids (22.1%), and bromeliads (15.3%).

Epiphyte functional groups

The 163 epiphytic plant species were hierarchically
grouped into seven distinct functional groups based on
differences in leaf trait combinations (Table 1, Fig. 1).
Functional Group 1 (FGI; mostly small ferns like
Elaphoglossum) and FG2 (stranglers and treelets such as
some species of the genera Clusia and Cavendishia) had
high LDMC; the bromeliads and orchids of FG4 had
tough leaves (high Fp); and FG3 were mostly succulent
(high Lth and low LDMC) small orchids. FGS5 consisted
of some orchids, bromeliads, and aroids, which were
characterized by high SLA as well as the lowest PCI.
Finally, FG6 and FG7, mostly aroids, were character-
ized by the largest-thinnest-softest leaves (FG6; high
LA) and high SLA (FG7; Table 1, Fig. 1).

Functional epiphyte assemblages. the leaf economic
spectrums

The functional assemblages of epiphyte species in the
plots were ordered about two independent axes of varia-
tion. The first PCA axis of leaf functional traits, which
accounted for 47.1% of total trait variation, was primar-
ily associated with a photosynthetic gradient driven by
leaf area and leaf hydraulic traits (Fig. 2A). Hereafter,
we refer to this component of the LES captured by PCA
axis 1 of traits (PCA 1 Traits) as the “leaf area photosyn-
thetic spectrum” (LAPS). This first PCA 1 Trait axis was
associated with a gradient from high construction costs
on the left (high PCI, Fp, SD and LDMC; low LA) to a
strategy of fast resource acquisition on the right (low
PCI, Fp, SD and LDMC; high LA). In other words, the
PCA 1 Trait axis was positively correlated with LA
(0.87), and negatively correlated with SD (—0.8), PCI
(—=0.79), and Fp (—0.88) (Appendix S1: Fig. S2,
Table S5). The second PCA trait axis, which accounted
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plots in the Andes of northwest Colombia.
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Mean leaf trait values + standard deviations of each functional group (FG) of vascular epiphytes recorded in 10 study

Number
of

species SLA SD LDMC LA
FG per FG Lth (mm) Fp (N/mm) PCI (mm?*/mg)  (Stomata/mm?) (mg/g) (mm~?)
1 36 0.33 + 0.09°  0.49 + 024 7.8 +£3.0° 99 +3.6° 445+ 253% 301.9 + 62.0°  5502.2 + 5522.4°
2 28 0.55 £ 0.30°  0.82 +£037° 7.4+ 1.9° 9.6+42° 1587 + 75.6° 239.9 + 75.6°  7008.8 + 9525.8°
3 13 1.28 + 039" 122 + 036 4.4 +09° 89 +44° 383+ 16.7° 1209 + 3629  6278.0 & 9164.9°
4 12 0.33 £ 0.08%9 1.52 + 0.21* 4.4+ 1.5° 142 +£2.8> 320+ 7.0° 218.5 + 29.3° 18870.0 & 12800.9°
5 23 0.48 + 0.18%  0.67 + 025 38 £ 1.2° 174 £5.0° 414 +33.1° 146.6 + 37.8°¢ 53304 + 5371.1°
6 21 0.30 & 0.09°¢ 042 + 0.19° 43 + 1.5 13.7 £ 2.6  54.6 +£29.4° 216.6 + 42.5*° 66350.1 + 21211.6°
7 30 0.23 £ 0.08¢ 031 +0.19¢ 5.7+ 1.8°° 233 +£73% 546 +254° 214.5 + 63.1° 16000.3 + 15687.7°

Notes: Groups with different letters in the same column were significantly different (P value < 0.05) in the corresponding func-
tional trait based on one-way analysis of variance with post hoc Bonferroni tests. Lth, leaf thickness; Fp, force to punch; PCI,
potential conductance index; SLA, specific leaf area; SD, stomata density; LDMC, leaf dry-matter content; LA, leaf area.

for 31.9% of the total trait variation, was positively asso-
ciated with SLA (0.72), Fp (0.7), and SD (0.67), and
thus, with the rate of carbon assimilation of leaves
(Appendix S1: Fig. S2). This gradient is driven by the
increased accumulation of leaf structural components,
such as cellulose, which augment the capability of leaves
to store mass. Hereafter, we refer to this component of
the LES captured by our PCA 2 Trait axis as the “leaf
mass-carbon spectrum” (LMCS). SLA was not signifi-
cantly correlated with any of the other traits evaluated
(P > 0.05), but Lth had a significant negative relation-
ship with LA (r = —0.68; P < 0.05) as well as a positive
correlation with PCI (r = 0.69; P < 0.05) (Appendix S1:
Fig. S3).

The microclimatic environment of trait variation

The PCA in Fig. 2B distinguishes sites by relative FG
attachment heights. The negative loadings of all FGs on
the first axis (PCA 1 H), which accounted for 48.1% of
total variation, indicate an axis of decreasing overall
attachment heights with increasing PCA 1 H, particu-
larly for FGs 1 and 2, which are both characterized by
low LA. PCA 1 H was positively correlated with an over-
all increase in epiphyte LA (0.73), and a decrease in SD
(—0.55) and Fp (—0.54) (Appendix S1: Fig. S4). There-
fore, a general decrease in attachment heights relative to
the canopy-surface height (increasing PCA 1 H) is asso-
ciated with a gradient from high construction costs (high
Fp and SD; low LA) on the left to fast resource acquisi-
tion on the right (low Fp and SD; high LA). The oppos-
ing loadings on PCA 2 H of FGs 3 and 5 (negative)
compared to FGs 4, 6, and 7 (positive) indicate spec-
trums from more similar to more distinct attachment
heights, accounting for 34.7% of site variation
(Appendix S1: Table S6). Therefore, PCA 2 H represents
a gradient from sites with more homogeneous epiphyte
distributions (low PCA 2 H) to more stratified height
distributions (high PCA 2 H). PCA 2 H was positively
correlated with epiphyte community SLA (0.72), Fp

(0.7), and SD (0.67) (Appendix S1: Fig. S4). None of
the PCAs derived from the height of epiphyte attach-
ments were significantly correlated with either MAT or
TAP (P-value > 0.1).

Climatic determinants of the functional epiphyte
assemblages

Both the LAPS (PCA 1 Trait) and the LMCS (PCA 2
Trait axis) were significantly correlated with MAT
(r=10.64 and r = —0.63, P < 0.05), a pattern primarily
determined by site elevation (Fig. 3). The LMCS (PCA
2 Trait axis) was not significantly correlated with TAP,
but was negative and significantly correlated with the
PCA 2 H (—0.77**). The PCA 1 H did not show a signif-
icant correlation with either LAPS or LMCS (P-value
>0.1).

Discussion

Our analyses of epiphytic leaf traits support the con-
vergence of plant adaptive strategies along multiple trait
dimensions (Diaz et al. 2016). In this study, the two leaf
trait dimensions that best characterize epiphyte assem-
blages at a regional scale were defined primarily by the
area-photosynthetic and mass-carbon components of
the leaf spectrum (Osnas et al. 2018). The leaf area-
photosynthetic spectrum was associated with variation
from high to low stomatal density and conductance. In
vascular plants, experimental studies have shown a posi-
tive correlation between stomatal conductance and pho-
tosynthetic rates (Tanaka et al. 2013, Lawson and Blatt
2014). A large leaf area in epiphytes must be developed
by an increase in photosynthetic components at the
expense of mass (Katabuchi et al. 2017). The leaf mass-
carbon economic spectrum was defined by variation
from high to low specific leaf area (and low to high leaf
thickness), which is associated with a gradient of invest-
ment in structural components and rates of carbon
assimilation (Wright et al. 2004, Osnas et al. 2018).
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Hierarchical agglomerative clustering (using Euclidean distance and Ward’s linkage method) for 163 epiphyte species in

10 sites in the Andes of northwest Colombia using the following functional traits: LA: leaf area (mm?), SLA: specific leaf area
(mm*mg), LDMC: leaf dry-matter content (mg/g), Lth: leaf thickness (mm), Fp: force to punch (N/mm), SD: stomata density
(number of stomata mm?), PCI: potential conductance index. FG: Functional group. Plant illustrations are modified from drawings
of the Royal Botanical Expedition to the New Kingdom of Granada (1783-1816) directed by José Celestino Mutis: http://www.rjb.c

sic.es/icones/mutis/, Royal Botanical Garden-CSIC.

However, both axes of variation can be independently
interpreted as defining gradients of epiphyte assemblages
from acquisitive strategies with fast growth and low con-
struction costs to conservative strategies with slow
growth and high construction cost of photosynthetic
capacity (increasing leaf size) or structural components
(increasing leaf mass; Diaz et al. 2004, 2016, Wright
et al. 2004, Shipley et al. 2006).

The macroclimatic effects on the elevational patterns of
epiphyte functional composition

Variation in the functional composition of epiphyte
assemblages along the leaf area-photosynthetic spectrum
was associated with changes in regional mean annual
temperature between elevations. For example, communi-
ties in the hot lowlands were comprised of species with
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(A) Principal component analysis (PCA) of the epiphyte functional composition at 10 sites in the Colombian Andes

according to the community-level weighted means of trait values (CWM). The sizes of the circles are proportional to the plot eleva-
tions (meters above sea level [asl]) such that small circles represent lowland plots and large circles represent highland plots. (B) Prin-
cipal component analysis of relative aboveground height of attachment of FGs of epiphyte species in 10 sites of the northwest
Andes of Colombia. The size of the circles is proportional to the plot’s elevation (meters asl).

larger leaves, possibly because of a higher investment by
plants in metabolically active tissues that enhance photo-
synthetic capacity (Osnas et al. 2018). Likewise, commu-
nity placement along the leaf mass-carbon economic
spectrum (i.e., the second axis of trait variation, primar-
ily defined by the specific leaf area) was also correlated
with regional temperature or changes in elevation. This
finding supports the existence of two independent area-
photosynthetic and mass-carbon economic trait spectra
in woody plant species (Osnas et al. 2018). In epiphytic
species, this independent variation between area and
mass can be seen as an adaptive strategy that evolved to
allow the plants to adjust their functioning to large-
scale environmental variation. Stomatal conductance
increases, and leaf area decreases, from lower to higher
elevations (hotter to colder temperatures), indicating a
response to changes in potential evapotranspiration and
photosynthetic rates. A paired change between plant
functional turnover and elevation has been also found in
other plant growth forms, such as herbs (Lawson and
Blatt 2014) and trees (Poorter et al. 2009, Asner and
Martin 2016, Asner et al. 2016), which emphasizes the
paramount role played by temperature in structuring
plant functional composition.

In our study, mean total annual precipitation (TAP
mm/yr) did not have any significant effect on the mean
weighted functional composition of epiphyte species
along the elevational gradient. The lack of influence of
TAP on epiphyte functional composition may be due to
the absence of periods of water deficit (e.g., Poorter
et al. 2009) that hampers the discriminate use of water
by epiphyte communities in these wet forest at a regional
scale In contrast, regional changes in temperature along
the elevational gradient clearly differentiates epiphyte
functioning in accord to variation with the properties of
the functional groups. Changes in leaf area at the regio-
nal scale were primarily detected for FG1, FG2, and
FGS, which have the lowest mean values for this trait.
Changes in specific leaf area along the temperature gra-
dient were strongest in FG4, FG6, and FG7, which have

the highest values of SLA (Table 1). These independent
responses to the same environmental factor (i.e., temper-
ature) frame the overall epiphyte area-photosynthetic
and mass-carbon economic trait spectra that drive the
turnover in the epiphyte community and functional com-
position observed at the regional scale.

The microclimatic effect: patterns of epiphyte functional
composition across forest strata

Our findings are consistent with the interpretation
that the vertical distribution of microclimates within the
canopy is at least as important as macroclimate in deter-
mining epiphyte community functional compositions
(Petter et al. 2016, Zuleta et al. 2016). Increasing aver-
age leaf area and decreasing water conductive capacity
with lower average attachment heights relative to the
canopy surface (PCA 1 H, Appendix S1: Fig. S4) are
consistent with a vertical gradient of light and tempera-
ture, both decreasing with distance from canopy. Com-
munity mean values of these area-photosynthetic
spectrum traits correlated as strongly with PCA 1 H as
they did in aggregate (PCA 1 T) with mean annual tem-
perature (Fig. 3). Interestingly, the trends with respect to
temperature were opposing. For example, leaf area
increased (as a component of PCA 1 T) with mean
annual temperature, but decreased with height in the
canopy. In fact, for these traits, mean annual tempera-
ture might be of less direct importance than its influence
on forest height, which generally increases at lower, war-
mer elevations, and provides deeper, darker understory
environments buffered from canopy-surface conditions.

The community placement along the leaf mass-carbon
economic spectrum (LMCS) was associated both with
decreasing mean annual temperature (MAT) and a more
homogeneous vertical distribution of epiphyte species
(PCA 2 H; Fig. 3). This trait gradient shows the influ-
ence of structural and chemical components that
enhance leaf mass, and thus leaf toughness (Poorter
et al. 2009, Kitajima et al. 2016). The prevalence of
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The relationships between the first two axes of the PCA of the epiphyte functional composition at the study sites

(Fig. 2) and proxies of both macro- and microclimatic variables. Macroclimatic variables are represented by the plots’ mean annual
temperatures (MAT) and mean total annual precipitations (TAP). Microclimatic variables (PCA 1 H and PCA 2 H) are the first
two axes of a PCA of the epiphyte FGs” mean relative height of attachment (H) per plot. The size of the circles is proportional to
the plot’s elevation (meters asl) such that small circles represent lowland forest plots. The solid lines show significant correlations
with P < 0.05. *P < 0.05; **P < 0.01; ***P < 0.001; otherwise nonsignificant.

tougher leaves at sites with homogeneous height distri-
butions indicates that these sites may be more homoge-
neously “canopy-like,” as is expected in shorter forests at
higher elevations. However, the stronger correlation of
LMCS with PCA 2 H compared to MAT, and the rela-
tive independence of PCA 2 H from elevation, suggests

that there are factors other than macroclimate driving
the vertical distribution of forest microclimates and, con-
sequently, epiphytes. Future studies should investigate
the role of forest structural attributes, such as canopy
gap fraction and vertical biomass distributions, which
determine the extent to which canopy-like conditions
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penetrate toward the forest floor, and have been shown
to structure tree biomass responses to the macroenviron-
ment (Stark et al. 2012, Smith et al. 2019).

Concluding remarks on epiphyte functional composition

Functional response of epiphyte communities along
this elevational gradient shows a high congruence
between local and regional patterns, which means a simi-
lar leaf trait response to micro- and macroclimatic con-
ditions. This conclusion is based on the fact that the
PCA 1 and PCA2 derived from traits and relative epi-
phyte height of attachment, respectively, followed a simi-
lar trend. However, the correlation between the PCA 1
Traits and PCA 1 H (0.55) was only marginally signifi-
cant (P value = 0.08), in contrast to the correlation
between PCA 2 Traits and PCA 2 H (—0.77**). For the
latter, the vertical distributions of light and temperature
seem to determine the increase in SLA of epiphyte spe-
cies from understory to canopy at a similar extent to
changes in regional temperature. Strong heterogeneity in
sun exposure at a given height, depending on canopy
rugosities and gap distributions (Smith et al. 2019), lar-
gely controls water availability, a key factor for epiphyte
survival and establishment. We hypothesize that evapo-
rative demand increases with height because of increased
sun and wind exposure (Petter et al. 2016), and influ-
ences adaptation of epiphyte species across forest strata.
However, unmeasured traits, such as the development of
roots and the direct contact with soils, could also facili-
tate the capability of leaves to survive in the darker/wet-
ter forest understory, favoring the presence of some
specific families, such as aroids. Additional studies
focusing on these unmeasured traits will increase our
understanding of the factors influencing patterns of trait
epiphyte community assembly along tropical elevational
gradients.

Despite the overall similarities in trait turnover along
the elevational gradient observed between epiphytes and
other growth forms, such as trees (e.g., Asner and Mar-
tin 2016), there may be structural differences in terms of
the evolutionary and ecological processes that lead to
the dominance of some specific traits that optimize
either the area-photosynthetic or mass-carbon economic
function between them. In particular, there may be a
need for epiphytes to partition and adapt to the gradual
changes in light and resource availability that occur
between forest strata. Therefore, the functional composi-
tion of epiphyte assemblages in tropical wet forests
appears to be driven by a combination of between-site
mechanisms to optimize photosynthetic rates through
balancing evapotranspiration rates across changes in
temperature, and within-site mechanisms to optimize
mass acquisition by decreasing SLA across forest strata
(Petter et al. 2016). Revealing these patterns in vascular
epiphytes, which have generally been excluded from
studies of functional traits and community assembly,
brings new insights into plant-leaf adaptation and calls
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for caution when trying to extrapolate patterns between
different plant growth habits.

The high diversity of epiphytic forms (Fig. 1) con-
tributes to the daunting challenge of defining general pat-
terns and mechanisms of epiphyte distributions
(Schellenberger Costa et al. 2018). Our two PCA analyses
showed orthogonal axes defining community separation
by elevation and the relative height of epiphyte attachment.
The leaf mass-carbon spectrum axis was largely related to
vertical structuring of four (FG3, FGS5, FG6, FG7) out of
our seven functional groups, and cannot be generalized to
all other epiphyte species. It may be that hydraulic traits,
such as those associated with water retention capability
(e.g., tank-forming bromeliads), high potential water use
(e.g., with large, thin leaves), or other unmeasured features
are important for vertical structuring of other functional
groups (e.g. Zotz et al. 1997). Improved theory of epiphyte
distributions will likely require more detailed knowledge of
the ecophysiological idiosyncrasies of each functional
group, including their unique responses to substrate struc-
ture, temperature, light, and water (Woods et al. 2015,
Ding et al. 2016, Miiller et al. 2017, Schellenberger Costa
et al. 2018).

In conclusion, the climatic trait relationships presented
in this study are consistent with the general patterns
reported in the literature for plant functional groups that
include epiphytic forms (e.g., Engemann et al. 2016), as
well as with the known patterns of taxonomic composi-
tion of epiphytes along elevational gradients (Kiiper
et al. 2004, Kromer et al. 2005, Cardelus et al. 2006).
Our findings indicate that epiphytic plant leaves have
evolved to optimize and enhance photosynthesis through
a leaf area—based strategy and carbon acquisition
through investments in construction costs of leaf area per
unit of biomass that aim to regulate light capture and tis-
sue development (Diaz et al. 2016, Katabuchi et al.
2017). Overall, nonwoody vascular epiphyte species,
which live in a complex three-dimensional environment,
could serve as a model system for understanding the
adaptation of plant species and their leaves to environ-
mental variations at different scales. Ongoing studies of
nonwoody vascular epiphyte species will help to inform
our understanding of the functioning of plant communi-
ties and help us to predict the likely responses of species
to ongoing environmental changes.
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