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Vapor pressure deficit predicts epiphyte abundance
across an elevational gradient in a tropical montane
region1
Sybil G. Gotsch2,4, Kenneth Davidson2, Jessica G. Murray2, Vanessa J. Duarte2, and Danel Draguljić3

PREMISE OF THE STUDY: Tropical Montane Cloud Forests (TMCFs) are important ecosystems to study and preserve because of their high biodiversity and
critical roles in local and regional ecosystem processes. TMCFs may be particularly affected by changes in climate because of the narrow bands of microclimate they occupy and the vulnerability of TMCF species to projected increases in cloud base heights and drought. A comprehensive understanding of
the structure and function of TMCFs is lacking and difficult to attain because of variation in topography within and across TMCF sites. This causes large
differences in microclimate and forest structure at both large and small scales.
METHODS: In this study, we estimated the abundance of the entire epiphyte community in the canopy (bryophytes, herbaceous vascular plants, woody
epiphytes, and canopy dead organic matter) in six sites. In each of the sites we installed a complete canopy weather station to link epiphyte abundance to
a number of microclimatic parameters.
KEY RESULTS: We found significant differences in epiphyte abundance across the sites; epiphyte abundance increased with elevation and leaf wetness, but
decreased as vapor pressure deficit (VPD) increased. Epiphyte abundance had the strongest relationship with VPD; there were differences in VPD that
could not be explained by elevation alone.
CONCLUSIONS: By measuring this proxy of canopy VPD, TMCF researchers will better understand differences in microclimate and plant community composition across TMCF sites. Incorporating such information in comparative studies will allow for more meaningful comparisons across TMCFs and will
further conservation and management efforts in this ecosystem.
KEY WORDS microclimate; Monteverde; Costa Rica; elevation gradient; vascular epiphytes; hemi-epiphytes; bryophytes

Tropical Montane Cloud Forests (TMCFs) are ecosystems with
exceedingly high biodiversity and endemism, and play key roles in
local and regional hydrology (Zadroga, 1981; Brown et al., 1996;
Bruijnzeel et al., 2010a, b). One of the defining features of this rainforest ecosystem is that there is frequently direct contact between
low-lying clouds and vegetation (i.e., fog; Bruijnzeel et al., 2011a).
These ecosystems exist in steep montane regions where narrow
bands of microclimate change significantly over short distances;
small changes in temperature or cloud base heights can alter microclimatic conditions and threaten existing communities (Nadkarni
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and Solano, 2002; Williams et al., 2003, 2007; Ray et al., 2006;
Zotz and Bader, 2009). Recently, the frequency of cloud cover and
precipitation have been changing in some TMCFs, and projected
changes in climate include increases in cloud base heights and
drought; such changes will likely have large effects on community
structure and function in the TMCF (Pounds et al., 1999; Still et al.,
1999; Lawton et al., 2001; Ray et al., 2006; Gotsch et al., 2016a, b).
Because of the difficulty of terrain and remoteness, TMCFs have
been understudied relative to their lowland counterparts (Bruijnzeel
et al., 2011b). In the last 20 yr however, there has been an increase
in research in TMCF’s, with recent syntheses (Oliveira et al., 2014;
Dalling et al., 2015; Fahey et al., 2016; Crausbay and Martin, 2016;
Gotsch et al., 2016a, b; Hu and Riveros-Iregui, 2016). However, it is
still difficult to compare results across sites because of differences in
nomenclature, sampling protocols, and analyses in different TMCF
regions (Hamilton et al., 1995; Ashton, 2003; Bach, 2004; Bubb et al.,
2004; Martin et al., 2007; Mulligan, 2011; Bruijnzeel et al., 2011b).
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Because microclimate changes over short distances in the TMCF,
it is also difficult to compare results of research efforts across TMCF
sites unless the microclimate in each study area has been determined. Within the TMCF zone, Bruijnzeel et al. (2010a) defined
three distinct forest types in this ecosystem: lower montane cloud
forest, upper montane cloud forest, and elfin cloud forest, which
differ both in microclimate and forest composition. In addition to
such broad-scale differences within a region, there are also local
topographic features that can cause waterlogged or exposed forests
that have distinct microclimates from surrounding areas (Santiago
et al., 2000). While such differences generally correlate at small
scales with elevation, at large scales, such comparisons are difficult
because TMCFs occur at different elevations in coastal and inland
sites, and because slope and exposure play such a large role on
microclimate in the TMCF (Holwerda et al., 2006; 2010a; Giambelluca
et al., 2010, 2011; Bruijnzeel et al., 2011a, b). Comparing sites by
microclimate may be ideal, but can be cost prohibitive or impractical across many locations.
Microclimate influences the distribution of TMCF vegetation.
Because of this, one way to estimate the microclimate of a site is to
determine the presence of particular plant groups that are associated with particular microclimates. One of the most distinguishing
features of the plant community in the TMCF is the abundance and
diversity of epiphytes. Epiphytes—nonparasitic plants that live on
other plants—are common in the TMCF and include bryophytes
and other types of herbaceous plants as well as larger-statured
shrubs, treelets, and woody hemiepiphytes. This canopy community plays a valuable role in the functioning of the TMCF ecosystem
via water and nutrient cycling and storage, as well as in providing
habitat and food resources for wildlife (Gotsch et al., 2016b). Epiphytes tend to respond strongly to atmospheric conditions, such as
relative humidity and air temperature, because these plants are disassociated from ground-based resources (Cardelus and Chazdon,
2005; Gehrig-Downie et al., 2012; Karger et al., 2012; dos Santos et al.,
2014; Batke et al., 2015). While the aforementioned studies indicate
a strong link between microclimate and epiphyte abundance, these
studies mostly focused on one functional group of plants. In most
cases, vertical gradients of temperature or relative humidity were
investigated within a single site. Epiphyte communities in the TMCF
can be very diverse and contain a number of plant functional
groups (Haber, 2000). It is unknown the degree to which studies on
one group of plants (i.e., bryophytes) accurately represent the relationship between the entire epiphyte community and microclimate. In a recent study in the lowland tropical rainforest of Costa
Rica, Woods et al. (2015) examined the canopy community in different microhabitats of emergent trees, and found a significant effect
of vapor pressure deficit on epiphyte community composition. While
the aforementioned research has helped to elucidate the affect of
microclimate on canopy epiphyte composition, studies in one site
may not represent relationships between epiphyte abundance and
microclimate at larger spatial scales.
In June 2015, at a meeting of CloudNet (http://cloudnet.agsci.
colostate.edu/)—an international research coordination network
focused on increasing collaboration among cloud forest researchers—a
number of limitations in our current understanding of cloud forest
ecosystems were identified. At the top of this list was that our understanding was limited by a lack of cross-site studies, as well as incompatibility in methods in different sites. One difficulty in comparing data
across regions is the lack of a comprehensive method to distinguish
between cloud-affected forests in different ecotones. Furthermore,

elevation alone is an insufficient metric to use to determine if TMCF
sites in different regions are similar (Santiago et al., 2000).
The goal of this study was to determine the relationship between
the abundance of the entire community of canopy epiphytes and
different measures of canopy microclimate along an elevation gradient. We installed and maintained canopy weather stations at six
sites in the montane region of Central Costa Rica, and conducted
ground- and canopy-based surveys to determine the abundance of
the canopy epiphyte community. Our research addressed the following questions:
(1) How does canopy microclimate vary across the gradient?
(2) What is the relationship between canopy microclimate and
elevation across the sites?
(3) What is the relationship between canopy microclimate and
canopy epiphyte and soil abundance across an elevation gradient?
(4) How well can a ground-based protocol to estimate canopy
epiphyte and soil abundance align with a canopy-based assessment?

METHODS
Study Sites—This research took place in the TMCF of Monteverde,

Costa Rica (CCT), as well as in four nearby cloud forest and premontane rain forest sites in Costa Rica (Table 1, Fig. 1). The epiphyte
community in the Monteverde region is composed of approximately 800 vascular plant species and hundreds more bryophyte
species (Haber, 2000). In the wettest sites, there also is a layer of
canopy organic matter (30 cm or more thick) that is comprised largely
of decomposing bryophytes, roots and leaves of vascular epiphytes
as well as deposits brought in as dust and in clouds (Nadkarni et al.,
2004). These sites overlap with locations used in a previous study to
determine the diversity of species (epiphytes included) in this tropical montane region (Haber, 2000). Our sites span an elevation of
1100–1635 m above sea level (m a.s.l.) and represent a range in microclimate that is representative of this and other TMCF ecosystems
(Gotsch et al., 2014a, b; Jarvis and Mulligan, 2011). Sites were selected in 2014 as part of a long-term study on the ecophysiology of
epiphytes. Sites were identified at different elevations in continuous
forest to provide an opportunity to study epiphyte communities
that experience distinct microclimates. In addition, when possible,
sites within a similar elevation that appeared to host distinct epiphyte communities were also identified to allow for comparisons of
microclimate at smaller scales (Table 1).
Along this gradient in microclimate there are only long-term
weather stations in two sites, one in the Monteverde Reserve (elevation 1530 m a.s.l.) and another at the University of Georgia field
station (UGA, 1080 m a.s.l.) in San Luis, Costa Rica. Average annual
precipitation in the Monteverde Cloud Forest Reserve (MCFR) is
estimated at 4000 mm, while at UGA the average annual precipitation over the last 4 yr is 2300 mm (A. Pounds, unpublished data).
The wettest site was presumed to be the El Valle Refuge within the
Children’s Eternal Rainforest. While there is no weather station at
this site, its location on the Atlantic side of the continental divide at
1635 m ensures high annual rainfall and consistent cloud cover.
This site was also the only one of the six to have a nearly continuous
cover of bryophytes on all surfaces of the forest (trunks, branches,
exposed soil embankments, etc.) providing additional evidence of
the moisture present there.
The weather in all sites is seasonal but droughts are more severe
in the lower elevation sites due to a greater number of days without
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TABLE 1. Location information and forest type for each of the six sites.

Site Name

Location

Latitude

Longitude

Elevation

Forest Type

UGA
Buen Amigo
Lower CC
Upper CC
CCT
El Valle

University of Georgia, San Luis
Private Farm, San Luis
Curi Cancha Reserve, Monteverde
Curi Cancha Reserve, Monteverde
Monteverde Reserve
The Children's Eternal Rainforest

N10°16′58.83″
N10°16′45.29″
N10°18′22.51″
N10°18′35.47″
N10°18′18.84″
N10°19′18.25″

W084°47′51.06″
W084°47′39.94″
W084°48′16.45″
W084°47′46.58″
W084°47′39.30″
W084°46′02.60″

1100 m
1070 m
1474 m
1592 m
1554 m
1635 m

Secondary
Primary w/ timber removal
Secondary w/ remnant trees
Primary
Primary
Primary

rainfall and warmer temperatures. The dry season generally occurs
from February-April (Nadkarni, 1994). During this time, there are
periods of rain and mist but less than at other times of the year.
From May-November it is generally wet with almost daily inputs of
rain (Nadkarni, 1985, 1994). During this time the cloud water inputs to the ecosystem are also greatest (Goldsmith et al., 2011). In
December and January, the area tends to receive high winds and mist
(Nadkarni, 1994; Nadkarni et al., 2004). The average temperature in
the Monteverde Cloud Forest Reserve is 22°C and in general, daily
fluctuations surpass monthly averages (Nadkarni, 1994). Climate
in the region has experienced increased interannual variation in

FIGURE 1

precipitation as well as an increase in the number of days with little
or no mist (Pounds et al., 1999). Projected changes in climate include increases in cloud base heights, which may further increase
such drying events (Lawton et al., 2001).
The three highest elevation sites are located in primary forest. The
canopy in all the sites is between 25-35 m tall (S. Gotsch, unpublished
data). Emergent trees reach up to 35 m in height and in general there
is a poorly developed herbaceous layer (Nadkarni and Matelson,
1991). The three driest sites are in secondary forests that contain primary forest remnant trees. The canopy height is similar in all six sites;
our study in the lower three sites takes place in remnant trees.

Map of the six sites in this study. El Valle is the wettest forested site; UGA is the driest of the six sites.
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Data collection took place on the ground near the trunk and in
the crown of three trees in each of the six sites. In all sites, three
canopy (but not emergent) trees were chosen that were in close
proximity (within 50 m) to one another and had similar crown exposure and topography. In addition, we chose trees with large
spreading and healthy canopies, which would ensure that they
would be relatively safe to climb. The DBH of all host trees was
within in largest size class in each site (DBH 170–400 cm, Nadkarni
et al., 1995). These trees are likely the oldest in each area and therefore have had the most time to develop a robust community of
canopy epiphytes. Since the microclimate in the TMCF varies over
short distances, choosing a cluster of trees that had similar size and
physical attributes was more important than targeting specific host
species. While studies in lowland tropical rainforests and forests of
the Southeastern and Northwestern United States have found host
specificity of epiphytes, the effect of tree size has been found to have
a larger impact on epiphyte biomass and composition in TMCFs
(Hietz and Hietz-Seifert, 1995; Callaway et al., 2002; Cardelús et al.,
2006; Laube and Zotz, 2006; Wagner et al., 2015). Host tree species
were in the following genera: Ficus (Moraceace), Sapium (Sapindaceae) and Ocotea (Lauraceae). In all sites the host trees consisted of
at least one strangler fig (Ficus sp.) and one Sapium sp. tree. These
genera are among the most common in all sites (Nadkarni et al.,
1995).
Microclimate Measurements—Microclimate stations were installed in the mid canopy near the center of one of the study trees in
each of the six sites between June and July of 2014. The heights of
the weather station ranged from 24–26 m. Rather than choose a
specific height for the weather station, we chose the same point in
the canopy (inner midcrown) to standardize our measurements by
the host tree crown architecture. Data were collected continuously
every 15 min and were downloaded monthly when possible. Sensors were changed and repaired from May–August of 2014 and
2015 when the field team was present on site. The station was placed
in the center of the site to minimize the distance to the other trees
(≤50 m). Each station contained one data logger that measured air
temperature (°C) and relative humidity (%, HOBO U23 Pro v2
External U23-002, Onset Corporation, Cape Cod, Massachusetts,
USA) and a data logger (Em50), which collected data from a soil
moisture probe (mm3/mm3, EC-5) and a leaf wetness sensor (g/m2).
All devices were purchased from Decagon Devices, Pullman,
Washington, USA. Soil probes were placed on a 45-degree angle in
the middle of the canopy organic soil layer (a depth of 10–15 cm).
Temperature and relative humidity were used to calculate the
vapor pressure deficit using the following equation:

  RH ¬¬
 * SVP
VPD  1 
  100 ®®

Eq. 1

Where SVP is the saturated vapor pressure, which is calculated using the following equation (Monteith and Unsworth, 2008):
SVP = 0.61078 e^(

17.27T .
)
T + 237.3

Eq. 2

Because we did not have a continuous presence at the sites, mechanical, electrical, and weather problems caused gaps in the data sets.

Nonetheless, there are windows of multiple months of error-free
data (representing 2–3 mo periods in the wet and dry seasons) at all
the sites. These windows are representative of the wet and dry periods that are frequently experienced at these sites. While soil sensors
were calibrated prior to deployment, canopy soils are very dynamic
and we found that frequent calibration was needed in this system to
maintain accurate baseline values. This was not possible in the current study. While baseline values can shift without calibration, the
range of values would remain consistent across the sites (Starr and
Paltineanu, 2002). We calculated the percentage of the maximum
volumetric water content (% max VWC) in each site between a very
wet period in the wet season, and the driest period at the end of the
dry season of 2015. We expect the range of VWC to be maximized
between these two time points.
All data that resulted from failed sensors were removed from the
data set. Following the aforementioned culling of the data set, a
master data sheet was created for all microclimate variables (VPD, %
max VWC, and leaf wetness), which only contained windows of
data when all sensors were working at all sites. For all sensors, there
was representation from both the wet and dry seasons in 2014 and
2015, and the data set from 2016 contained 85% of all possible days.
Epiphyte Abundance Estimates—In each site, three trained observ-

ers recorded a categorical variable corresponding to a range in epiphyte abundance (of the entire community) in the inner and outer
tree crown and trunk first from the ground using binoculars, and
then from the crown using single-rope techniques (Anderson et al.,
2015). Our goal was to evaluate the percentage of the host tree that
was covered by epiphytes. Three dominant focal trees within 50 m
of each long-term microclimate station were observed at each site.
First, the tree was visually separated into trunk, inner crown, and
outer crown (Fig. 2). In addition to estimating the abundance of
epiphytes, we estimated the percentage cover of canopy humus. We
noted the cover of darker brown and black components of the epiphyte mat, and also compared the underside diameter of the branch
with the upper side, where epiphyte cover is greater. That gave us a
sense of the width of the mat and therefore the presence of humus.
This was a difficult assessment from the ground, but was more easily completed when the observers climbed into the crown. The epiphyte abundance and percentage humus cover were estimated by
each observer throughout the entire crown using the following
class ranking: 0 = 0%, 1 = 1–24%, 2 = 25–49%, 3 = 50–74%,
4 = 75–99%, and 5 = 100%. This broad class system was employed
because our primary research questions related to large-scale differences in epiphyte abundance across sites that would be easier to
detect with a visual estimate than smaller-scale patterns within
trees. The inner crown was defined as the point where branches
begin off the trunk to the middle point along the branch surface.
The outer canopy was defined from the halfway point along the
branch to the outer-most branch tips (Fig. 2). Observers also noted
if the crown community assembly was well mixed or if there was a
particular functional group that was dominant. If a dominant epiphyte functional group was observed, that group was noted (Fig. 2).
The functional groups of epiphytes were examined for this study
were bromeliad, shrubs, bryophytes, herbaceous, and treelet/hemiepiphyte (Nadkarni et al., 2004). These groups were chosen after
a close inspection from the ground of these and other functional
groups. While a more detailed direct measure can identify numerous
additional taxa/functional groups, these were the groups we felt we
could confidently identify using binoculars. The herbaceous category

D E C E M B E R 2017 , V O LU M E 104

• G OT S C H E T A L. — VA P O R P R E S S U R E D E F I C I T P R E D I C T S E P I P H Y T E A B U N DA N C E

• 5

Data analyses—A mixed-model ANOVA
was performed for the hourly average VPD
and % max VWC where the effects of site and
forest type were tested (Q1). The site (fixed
effect) is largely associated with elevation
although some sites had similar elevations.
The forest type (primary vs. secondary) was
included as a random variable. Following this
analysis, pairwise comparisons were made for
all sites using posthoc multiple means comparisons. A mixed-model ANOVA was also
performed to determine the effect of site on
the different abundance estimates. For each
estimate, the effects tested were site (fixed),
tree (random), and observer (random). A
mixed-model ANOVA was also performed to
determine whether significant differences occurred between ground- and crown-based
estimates of epiphyte abundance (fixed effect,
Q4) and whether estimates varied significantly
across observers (random effect). It was not
possible to combine the aforementioned analyses in a single analysis because of the lack of
statistical power in our data set. In addition,
we performed a two-way ANOVA on epiphyte
abundance and canopy humus percentage cover
where the effects tested were the site and the
location within crown (inner vs. outer crown),
as well as the interaction between these two
effects.
Linear and nonlinear regressions were performed to examine relationships between elevation and all microclimate variables, as well
as epiphyte abundance in all trees (Q2 and 3).
In addition, we examined relationships between
microclimate and epiphyte abundance (Q1).
FIGURE 2 Method employed for the estimation of canopy humus and epiphyte abundance used
We also conducted an Akaike information
in this study. The tree was visually separated into trunk, inner crown, and outer crown (brown,
light green, and dark green respectively). The canopy epiphyte and humus abundance were esti- criterion analysis (AIC) to directly compare
mated using the scale shown in the upper left portion of the figure (0 = 0%, 1 = 1–24%, 2 = 25–49%, the regression analyses that examined the
3 = 50–74%, 4 = 75–99% and 5 = 100%). Estimates were made from the ground using binoculars effects of VPD and elevation on epiphyte abunand from the crown using single-rope climbing techniques. We also made note of whether the dance. The VPD was included in this analysis
epiphyte community was well mixed or if it was dominated by one functional group. If there was because the regression equations between VPD
a dominant functional group, the plant type was identified and noted (right side of image). and epiphyte abundance yielded the greatest
r2 values, while elevation was included beImage credit: Floortje van Osch
cause this variable is often used as an explanatory variable for microclimate and plant community composition.
excluded bromeliads. Because bromeliads are a dominant funcThe goal of the AIC was to determine which of two competing
tional group at the dry site (primarily tank bromeliads), they are
models explained more of the variability in epiphyte abundance
clearly visible from the ground and therefore we felt, deserved their
(Akaike, 1974; Burnham and Anderson, 2002). This analysis was
own category. Other common categories of taxa within the herbabased on the average values per site. The VPD and elevation were
ceous group (e.g., orchids, ferns) are often much smaller in stature
coded as continuous variables, while epiphyte estimates were coded
and were difficult to distinguish from the ground; they were thereas categorical variables. Data for all analyses were either normally
fore grouped with other herbaceous species. Only woody plants
distributed or log-transformed to achieve normality. All analyses were
were included in the treelet/hemiepiphyte category. These plants
performed using R statistical software V 3.3.1 (R Core Team, 2013).
ranged from 0.5–2.0 m in height. All observers noted the categorical variable that represented the abundance category in each of the
three trees at the six sites. These categories were then converted to
RESULTS
the midpoint for the range of that category (i.e., 1 = 1–24% was
scored as 12.5%). Following conversion, averages across observers
Patterns of microclimate across the gradient—Air temperature
were calculated for all estimates; these values are displayed in the
and relative humidity, expressed as the calculated average daily
figures.
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maximum VPD, showed a clear step-wise decrease from the lowest
to highest site (Fig. 3A). The maximum and mean VPD exhibited
an identical relationship. In El Valle, the site at the highest elevation, the average daily maximum VPD was 0.08 kPa, while at
UGA, the average daily maximum VPD was 0.51 kPa. The daily
maximum VPD was significantly different across sites (F5,4505 =
174.6, P < 0.0001). The sites ordered from driest to wettest were:
UGA, Buen Amigo, LCC, UCC, CCT and El Valle (Fig. 3A). While
elevation is associated with these microclimatic differences, UCC
and CCT, as well as UGA and Buen Amigo, were at similar elevations (Table 1).
The percentage of the maximum soil volumetric water content
(% max VWC) also varied significantly across sites (F5,14628 =
1261.09, P < 0.0001, Fig. 3B). The lower sites exhibited lower % max
VWC indicating more drying in sites where VPD is higher. These
sites also had lower percentage cover of canopy humus, which
would also promote drying. The sites that experience the greatest
VPD (UGA, Buen Amigo, Lower CC) had the % max VWC below
50%, while the % max VWC in the three wettest sites (Upper CC,
CCT and El Valle) ranged from 55–73% (Fig. 3B).
Epiphyte Abundance—For each of the five abundance or percent-

age cover parameters (inner and outer epiphyte abundance, inner

and outer percentage cover canopy humus, and trunk epiphyte
abundance), the site had a significant effect on epiphyte abundance
and canopy humus cover (F5,12.5 = 80.6 for outer humus, F5,9.55 =
197.2 for outer epiphytes, F5,11.9 = 83.7 for inner humus, F5,10.7= 78.1
for inner epiphytes, F5,12.1 = 17.0 for trunk epiphytes, all P < 0.001,
Fig. 4). In the wettest sites (El Valle and CCT), epiphyte and canopy
humus abundance in the inner and outer crown were similar and
values were generally ≥80%. There was a significant effect of the
crown location (inner vs. outer) on abundance estimates, which
was consistent across sites for both epiphytes (site: F5,72 = 138.09,
P < 0.0001; location: F1,72 = 5.04, P = 0.027; site*location: F5,72 = 1.1
P = 0.36) and canopy humus (site: F5.72 = 131.6, P < 0.0001; location:
F1,72 = 9.2, P = 0.003; site*location: F5,72 = 0.5 P = 0.77). At the two
low elevation sites (BA and UGA), epiphyte and canopy humus
cover was similar and generally between 10–25%. While the site
had a significant effect on all abundance parameters (see statistics
above), visual examination, and pairwise t tests suggest that epiphyte abundance estimates in the outer crown were clearest in distinguishing between the drier sites (Figs. 4A, B, Appendix S1, while
epiphyte abundance estimates in the inner crown provided clearer
differences among the three wettest sites, but not the driest sites
(Fig. 4D, Appendix S1).
We found that the effect of functional group was marginally significant (F4,36 = 2.3, P = 0.06) overall, but that this result did not vary
consistently with microclimate. We found that both the wettest and
the driest sites tended to have one dominant functional group present in the canopy (El Valle: bryophytes, UGA: shrubs), whereas the
four intermediate sites had a canopy community that was more
well mixed.
Relationships between microclimate and epiphyte abundance—

FIGURE 3 (A) The average daily maximum vapor pressure deficit (VPD) for 11
mo in 2014 and 2015 in six sites along a gradient in elevation and microclimate. An ANOVA and posthoc comparisons indicate that all sites are significantly different from one another. (B) The percentage of the maximum
volumetric water content of canopy humus (% max VWC) across the six sites.

We found significant relationships between elevation and canopy
VPD, leaf wetness, and % max VWC (Fig. 5, for all pairs: df = 5
P ≤ 0.05). As elevation increased, there was a linear decrease in
VPD (Fig. 5A, r2 = 0.86). In contrast, there was a nonlinear increase
in leaf wetness as elevation increased, but this relationship was not
as strong (Fig. 5B, r2 = 0.39). The % max VWC exhibited a linear
increase as elevation increased (Fig. 5C, r2 = 0.59).
We also found significant nonlinear relationships between elevation and different estimates of epiphyte abundance (Fig. 6). As
elevation increased, the epiphyte abundance in the inner crown
(Fig. 6A) and outer crown (Fig. 6B), as well as canopy humus cover
in the inner (Fig. 6C) and outer crown (Fig. 6D), increased. All of
these relationships were significant (P ≤ 0.05), r2 values ranged from
0.63–0.72.
We also examined relationships between microclimate and
epiphyte abundance. We found strong (r2 ≥ 0.83) and significant
(P ≤ 0.05) relationships between all canopy estimates and microclimate (Figs. 7A–H). The strongest predictive relationships were
found between epiphyte abundance and VPD (Figs. 7A–D). These
relationships were stronger than those found between elevation
and epiphyte abundance (Fig. 6). The AIC analysis also indicated
that epiphyte abundance explained more of the variability in VPD
than elevation (AIC= −13.13, elevation vs. AIC = −19.36, epiphyte
abundance). We also found a significant positive relationship between the % max VWC across sites and epiphyte abundance (Fig. 7).
We found that there were no significant relationships between trunk
epiphyte abundance and microclimate, therefore these relationships
were not included in Fig. 7. Regression equations and parameters
can be found in Appendix S2.
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FIGURE 4 Outer crown percentage cover of canopy humus (A) and epiphytes (B) in the six sites. Inner crown percentage cover of canopy soil (C)
and epiphytes (D), as well as the percentage cover of epiphytes on the trunk (E) of six trees in the six sites. The letters above the bars indicate
significant site differences, determined by pairwise t tests (for all comparisons: P < 0.05 and df = 1). See Appendix S2 for the output of all
comparisons.

DISCUSSION
This is the first study that we are aware of that links canopy microclimate along a gradient in elevation with the abundance of the
entire community of canopy epiphytes. While elevation at the large

scale has clear effects on microclimate, our results indicate that
canopy VPD was the best predictor of epiphyte abundance. The
VPD has been shown to be an important driver of evapotranspiration at the stand level in a number of ecosystems (Bucci et al., 2004;
Dawson et al., 2007; Eller et al., 2015; Gotsch et al., 2014a, b; Motzer
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by the site location (mainland vs. island), and if it is on an island,
the size of the land mass and the distance from the mainland. While
epiphyte community composition is likely to vary greatly across
TMCFs, the relationship between total community abundance and
microclimate is more likely to remain constant given the reliance of
this community on consistent amounts of atmospheric moisture.
Variation in microclimate across the gradient—The six sites included in this study exhibited clear differences in leaf wetness, % max
VWC, and VPD (Figs. 3, 5). While variation across the gradient indicates a near 5-fold increase in VPD from the highest to the lowest
site, these values are low relative to the daily maximum VPDs found
in lowland tropical forest, which can often exceed 2.0 kPa (Dolman
et al., 1991; Meinzer et al., 1993; Meinzer et al., 1997; Rosado et al.,
2012). In this study, the maximum recorded VPD was 1.2 kPa. Interestingly, despite relatively low VPDs across these six sites, we found
significant and predictable differences in epiphyte abundance.
While the driest sites were at the lowest elevations and the wettest sites were at the highest elevations, there were also significant
differences within a small range of elevation (Fig. 3). For example,
the UGA and Buen Amigo sites differed by only 30 m in elevation
and yet the latter site had a significantly lower average daily maximum VPD. These two sites are on opposite sides of the San Luis
River and their degrees of exposure differ. The UGA site may receive direct sunlight for a greater portion of the day than trees in
the Buen Amigo site (Gotsch, personal observation). In addition, Upper CC and CCT sites were also at a similar elevation, but
the Upper CC site was consistently drier than the CCT site (Figs.
4A, B). The Upper CC is in a more exposed area, while CCT is in a
small topographic depression (Fig. 1, Gotsch, personal observation). These topographic differences have been found to affect microclimate and tree transpiration in a TMCF in Hawai‘i and are
likely a cause of the differences in microclimate in this study
(Santiago et al., 2000). Despite similarities in the elevation of some
sites, VPD was significantly different across all sites (Fig. 3A). Given
the limited number of sites that could be implemented with microclimate stations, we were unable to include the effects of slope and
exposure in this study. We suggest future research to elucidate the
effects of topography on epiphyte abundance.
FIGURE 5 The relationship between elevation and vapor pressure deficit
(A), leaf wetness (B), and the percentage of the maximum volumetric
water content (% max VWC) for the 18 trees in six sites (C). Fewer than
18 dots are seen because of complete overlap of values in some trees. In
panels (A) and (C), the relationships were determined with linear regression analyses, while a nonlinear regression was the relationship that had
the best fit between leaf wetness and elevation (B). All relationships were
significant at P < 0.01.

et al., 2005). Estimates of epiphyte abundance can be used as a
proxy for canopy VPD, which can be used to compare the microclimate of TMCF sites and facilitate comparative research.
While this work took place in one TMCF region, the range in
microclimate and epiphyte abundance in this study is representative of TMCF’s elsewhere, and it is likely that the relationships
found here will be applicable to other TMCFs. In contrast to the
relationship between total abundance and VPD, we expect that the
relationship between microclimate and community composition of
epiphytes will vary greatly across TMCFs. In addition to microclimate, the composition of the epiphyte community will be affected

Relationship between epiphyte abundance and microclimate—

Epiphyte abundance varied greatly across the sites (Fig. 4). Trees in
the wettest sites were largely covered with epiphytes on the inner
and outer crown, as well as on the trunk, while in the driest sites,
the average epiphyte abundance throughout the host crown was
generally under 25%. Both mean VPD and the % max VWC were
correlated with canopy soil and epiphyte abundance; however, the
strongest relationship was between epiphyte abundance and VPD
(Fig. 7). In previous studies, we found that epiphyte sap flow (i.e., a
measure of water movement in plant stems that is related to transpiration and water uptake) is very responsive to even small changes in
VPD, which would in turn affect water balance and overall plant
success (Darby et al., 2016; Gotsch et al., 2015). Epiphyte abundance
generally increased as VPD decreased (Figs. 7A, B), although the
pattern was not consistent for all estimates. The estimate for trunk
epiphyte abundance was the least effective in distinguishing site location. Because our categorical values 1–4 encompassed a large range,
it is possible that there was a significant (but smaller) effect of site
on trunk epiphyte abundance that was missed by our coarse-scale
sampling scheme.
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FIGURE 6 The relationship between elevation and epiphyte abundance for each of the abundance parameters: epiphyte abundance in the inner canopy (A) and outer canopy (B), and the canopy humus abundance in the inner canopy (C) and outer canopy (D) for the 18 study trees in six sites. Fewer
than 18 dots are seen because of the complete overlap of values in some trees. All relationships were fit using a nonlinear regression analysis. All relationships were significant at P < 0.01.

These results are consistent with previous work from a lowland
rainforest in Costa Rica where VPD had a significant effect on the
species composition of canopy epiphytes (Woods et al., 2015). In
studies focusing on bryophytes or liverworts, either the relative
humidity or temperature had a significant effect on abundance
(Karger et al., 2012; dos Santos et al., 2014; Batke et al., 2015), but
these effects were not as strong as those in this study and reported
here. The VPD is likely a better predictor because it takes into account both temperature and relative humidity, which will also vary
as elevation changes.
Vapor pressure deficit is an important microclimatic driver of
plant diversity, performance, and abundance in the TMCF (Bruijnzeel
et al., 2011a; Gotsch et al., 2016a). This microclimatic driver will
be affected by projected changes in cloud base heights, air temperature, and precipitation patterns, which will in turn affect the
distribution of the TMCF in the future (Still et al., 1999; Pounds
et al., 1999; Ray et al., 2006; Bruijnzeel et al., 2011b). Because epiphytes have few if any roots, such shifts in VPD will disproportionately affect this community. Shifts in epiphyte composition

may lead to large changes in ecosystem function including water
and nutrient interception and storage, as well as habitat for birds,
mammals, and insects (Gotsch et al., 2016b). Our ability to quickly
and reliably estimate VPD with an epiphyte census indicates that
such a sampling protocol can be used in remote TMCF sites, or on
research teams with limited funds to adequately characterize microclimate or compare sites in different regions based on epiphyte
abundance.

CONCLUSIONS
In this study, we found a strong predictive relationship between epiphyte abundance and canopy VPD, which is an important driver of
stand-level evapotranspiration and productivity in the TMCF. Predicted changes in precipitation patterns or cloud base heights,
which are projected for many TMCFs, may have large effects on
canopy VPD and lead to changes in plant productivity and community composition in this ecosystem. While the TMCF is thought
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FIGURE 7 Nonlinear regressions between vapor pressure deficit and epiphyte abundance in the inner crown (A), epiphyte abundance in the outer crown
(B), canopy humus abundance in the inner crown (C), and canopy humus abundance in the outer crown (D). Linear regressions between the percentage
of the maximum volumetric water content (% max VWC) and epiphyte abundance in the inner crown (E), epiphyte abundance in the outer crown (F),
canopy humus abundance in the inner crown (G) and canopy humus abundance in the outer crown (H). All relationships were significant at P < 0.01.

to be vulnerable to projected changes in climate in general, epiphyte
communities may be particularly vulnerable because of their reliance on atmospheric moisture. By using epiphyte abundance as a
proxy for VPD, canopy microclimate can be assessed quickly across
many sites to determine variability in canopy microclimate within
and across TMCF ecosystems. Finally, because of variation in topography in the TMCF, it is often difficult to compare research across
different TMCF sites. Estimating canopy VPD using epiphyte abundance provides a simple and cost-effective technique to determine

the microclimatic similarity of different sites. Such research efforts
are necessary to interpret differences in productivity and community dynamics in different TMCFs and aid in management and conservation efforts of this important ecosystem.
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