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Abstract
Epiphyte communities comprise important components of many forest ecosystems in terms of biomass and diversity, but little 
is known regarding trade-offs that underlie diversity and structure in these communities or the impact that microclimate has 
on epiphyte trait allocation. We measured 22 functional traits in vascular epiphyte communities across six sites that span a 
microclimatic gradient in a tropical montane cloud forest region in Costa Rica. We quantified traits that relate to carbon and 
nitrogen allocation, gas exchange, water storage, and drought tolerance. Functional diversity was high in all but the lowest 
elevation site where drought likely limits the success of certain species with particular trait combinations. For most traits, 
variation was explained by relationships with other traits, rather than differences in microclimate across sites. Although there 
were significant differences in microclimate, epiphyte abundance, and diversity, we found substantial overlap in multivari-
ate trait space across five of the sites. We found significant correlations between functional traits, many of which related to 
water storage (leaf water content, leaf thickness, hydrenchymal thickness), drought tolerance (turgor loss point), and carbon 
allocation (specific leaf area, leaf dry matter content). This suite of trait correlations suggests that the epiphyte community 
has evolved functional strategies along with a drought avoidance versus drought tolerance continuum where leaf succulence 
emerged as a pivotal overall trait.

Keywords  Functional traits · Water relations · Microclimatic gradient · Stable isotopes · Tropical montane cloud forest

Introduction

The assessment of trait variation in plant communities can 
identify underlying mechanisms that explain patterns of 
species-level diversity in both form and function within 
and among ecosystems (Wright et al. 2004). Measuring 
suites of traits that relate to carbon (C) or nutrient allo-
cation can elucidate trade-offs in ecological strategies, 
including life-history traits, growth patterns, and defense 
strategies (Grime 1977; Coley et al. 1985; Reich et al. 
1997; Wright et al. 2004). Early studies contributed to a 
fundamental understanding of C and nitrogen (N) alloca-
tion in plants, but investigations including traits pertain-
ing to plant-water relations are far fewer. Despite this, the 
recent inclusion of water-related traits has contributed to 
a deeper understanding of the drivers of community struc-
ture in a wide range of water-limited ecosystems in many 
terrestrial plant communities (e.g., Bartlett et al. 2012; 
Blackman et al. 2012; Choat et al. 2012; Reich 2014). 
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One community type that has been largely neglected are 
epiphyte communities where variation in traits relating to 
water storage (succulence) seem common and may, there-
fore, underlie important ecological strategies.

One useful way to understand plant functional traits is by 
studying plants that live along environmental gradients, an 
approach that has long been used by ecologists to study how 
plant communities respond to variation in atmospheric and 
edaphic conditions (Turner 1989). Such gradients may serve 
as a proxy to understand how communities will be affected 
by the warmer and drier conditions of a changing climate 
(Diaz and Cabido 1997; Dunne et al. 2003).

On tropical mountains, narrow bands of microclimate 
occur over small ranges in elevation, leading to narrow and 
often abrupt ecotones occupied by plant communities with 
unique composition (Williams et al. 2007; Ray et al. 2006). 
Narrow species distributions may be due to constraints on 
the allocation to phenotypes and may indicate that these 
communities are vulnerable to changes in the environment 
(Hollenbeck 2019). Experimental work on epiphytes sug-
gests that this community is vulnerable to changes in micro-
climate (Nadkarni and Solano 2002; Darby et al. 2016), sug-
gesting that certain functional trait combinations are suited 
to small microclimatic envelopes that may select for narrow 
ecological niches.

Research focused on future climate projections and evi-
dence from long-term datasets both indicate that the climate 
patterns on tropical mountains are likely to change substan-
tially as sea and land surface temperatures rise and defor-
estation increases (Pounds et al. 1999, 2006; Still et al. 1999; 
Lawton et al. 2001; Helmer et al. 2019). Such changes will 
threaten plant communities that currently reside at high ele-
vations in tropical montane cloud forests (TMCFs) (Pounds 
et al. 1999, 2006; Still et al. 1999; Lawton et al. 2001; Ray 
et al. 2006; Helmer et al. 2019). This is of particular concern 
because TMCFs are repositories for biodiversity, have a high 
degree of endemism and affect local and regional water and 
nutrient cycles (Zadroga 1981; Brown et al. 1996; Haber 
2000; Bruijnzeel et al. 2010; Tognetti et al. 2010; Gotsch 
et al. 2016).

A substantial portion of the biodiversity in TMCFs is con-
tained in epiphyte communities (Gentry and Dodson 1987; 
Haber 2000). The epiphyte community in the TMCF has 
exceedingly high biomass and contributes important eco-
system services by providing food and habitat resources and 
playing critical roles in water and nutrient cycling (Nadkarni 
et al. 2004; Gotsch et al. 2016). Epiphyte communities in the 
TMCF are ideal systems to study the correlation between 
variation in microclimate and variation in plant form and 
function because of their great abundance and species rich-
ness over small spatial gradients: within trees, within sites, 
and across sites. These communities also exhibit substantial 
functional trait and life-form diversity, which can be used to 

explore the broad spectrum of ecological strategies and the 
underlying traits each different strategy may possess.

In this study, we measured 22 functional traits of common 
vascular epiphytes at six forest sites across an elevational 
gradient in a TMCF in Costa Rica. We focused on water 
relations traits that are likely to be important for survival as 
drought increases and traits that relate to carbon and nutrient 
allocation. We addressed the following questions: (1) How 
do traits and trait combinations vary from warmer and drier 
to cooler and wetter microclimates? and (2) Do ecological 
trade-offs, such as the degree of succulence or drought toler-
ance underlie variation in functional traits within epiphyte 
communities? We hypothesized that differences in micro-
climate would explain at least some of the variation in traits 
given the large differences in atmospheric moisture across 
the sites and the slow growth patterns of epiphytes. Because 
these plants are disassociated from terrestrial soil resources, 
we also expected that the majority of functional trait varia-
tion would be explained by trade-offs relating to water stor-
age and drought tolerance.

Methods

Description of sites

This study occurred in six forested sites along a microcli-
matic gradient in the TMCF region of Monteverde, Costa 
Rica (1100–1600 m asl) (Fig. 1, Table 1). The three highest 
elevation sites are located in the primary forest within the 
lower montane cloud forest which occurred above the cur-
rent cloud base and within the cloud layer. The three lowest 
and driest sites are below the average cloud base and consist 
of secondary forests in the lower montane rainforest which 
contained remnant trees that were left standing after har-
vest of the surrounding forest (Sheldon and Nadkarni 2015). 
These sites fit the descriptions of cloud forest and rainforest 
outlined by Bruijnzeel et al. (2011). The dry season gener-
ally occurs from February through April in all sites, and 
although rainfall does occur during this period, it is less 
abundant (Nadkarni 1984, 1994). The dry season is more 
pronounced in the lower sites. The wet season generally 
occurs from May–November when rain falls almost daily 
and large rain events are frequent (Nadkarni 1984, 1994). 
In December and January, the area experiences high winds 
that drive substantial inputs of mist (Nadkarni 1984, 1994). 
The mean annual rainfall in the second to the highest site 
(CCT) is ca. 4000 mm, whereas the lowest site, University 
of Georgia-Costa Rica (UGA, now Council on International 
Educational Exchange or CIEE) receives 2600 mm (Pounds 
et al. 1999; A. Pounds, unpubl. data, (http://​weath​er.​uga.​
edu/​index.​php?​conte​nt=​gp&​site=​SANLU​IS). Regional 
climate is experiencing increasing inter-annual variation in 

http://weather.uga.edu/index.php?content=gp&site=SANLUIS
http://weather.uga.edu/index.php?content=gp&site=SANLUIS
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precipitation and an increasing number of days with little or 
no precipitation (Pounds et al. 1999, Pounds unpubl. data). 
Projected changes in land use and climate in this region 
include increases in cloud base heights, which may further 
increase such drying events (Lawton et al. 2001).

Although differences in elevation and distance between 
some of the sites were minimal, each site experiences a sig-
nificantly different microclimate due to variation in topog-
raphy and prevailing weather conditions (Gotsch et  al. 
2017). The sites in order from driest to wettest (i.e., highest 
to lowest average vapor pressure deficit (VPD), leaf wet-
ness, and canopy soil moisture content throughout the year) 
are: Council on International Educational Exchange, San 
Luis Field station which was the University of Georgia-San 
Luis (UGA), Buen Amigo Farm (BA), Lower Curi Cancha 
Reserve (LCC), Upper Curi Cancha Reserve (UCC), Cen-
tro Científico Tropical-Monteverde Reserve (CCT) and El 
Valle, within the Children’s Eternal Rainforest (EV) (Gotsch 
et al. 2017, Table 1).

The epiphyte community in the Monteverde region is 
comprised of ca. 800 species of vascular plants (Haber 2000) 
and hundreds of non-vascular plant species (Gradstein et al. 

2001). The biomass of epiphytes and accompanying canopy 
soils is also high (up to 33 t/ha, Nadkarni et al. 2004), and 
epiphytes cover almost every exposed tree surface. In drier 
sites, canopy epiphytes are common, with much lower diver-
sity and abundance (Gotsch et al. 2017; Amici et al. 2019).

At each site, we identified 3–5 dominant canopy trees 
that were healthy, had large and spreading crowns, and were 
safe to climb (see Gotsch et al. 2017 for details of host tree 
selection). Each was located within ~ 50 m of each other to 
ensure that their epiphyte communities experienced similar 
microclimates. All host trees were within the largest size 
class in each site (diameter at breast height = 170–400 cm, 
25–30 m in height) (Gotsch et al. 2017). These trees were 
likely the oldest in each site, ensuring that the canopy com-
munity was mature. Although some studies in lowland tropi-
cal rainforests and forests of temperate regions have found 
evidence of host specificity of epiphytes, in TMCFs, tree 
size has a larger impact on epiphyte biomass and composi-
tion (Hietz and Hietz-Seifert 1995; Callaway et al. 2002; 
Cardelús et al. 2006; Laube and Zotz 2006; Wagner et al. 
2015). Because microclimate in the TMCF varies over very 
short distances, choosing a cluster of trees that had similar 

Fig. 1   Map of the six study sites in the Monteverde region of Costa Rica. El Valle is the wettest site, and UGA is the driest site. Map Credit: 
Geiner Alvarado Huertas 
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size and physical attributes was more important than target-
ing specific host species.

Epiphyte study species and functional groups

In total, we included 48 epiphyte species across the six 
sites in this study (N = 7–26 species per site, Table 1). We 
included species along this gradient that we had identified 
as the most common species (by biomass) in a companion 
study (Amici et al. 2019). We also included additional spe-
cies that were common in each site, even if their total bio-
mass was not among the greatest on the site. Because wetter 
sites were more diverse, we measured more species in these 
sites. Although there was substantial community turnover 
across the sites, some species were common in more than 
one of the study locations. However, only Anthurium scan-
dens was found in all six sites. There was insufficient mate-
rial to measure the target functional traits for rare species.

Because the selected species were abundant, we pre-
sumed they played relatively important roles in ecosystem 
function. Each site included representatives of the three most 
common growth forms: epiphytic shrubs, single-stemmed 
woody species, and herbaceous epiphytes (Gotsch et al. 
2017; Supplemental Table 1). These species were variable 
in the succulence of their leaves. Many were woody species 
(shrubs or treelets), and often produced thickened leaves 
with a distinct layer of hydrenchymal cells known to serve 
a water storage function (Gotsch et al. 2015). Aside from 
thickened leaves, these species generally did not exhibit 
the more telltale characteristics of true “succulents” such 
as bulbous leaves or swollen stems. Therefore, for the pur-
poses of this paper, we use the term succulent to refer to 
plants whose leaves have a distinctive hydrenchymal layer 
regardless of whether they exhibited other traits generally 
associated with succulence. While CAM photosynthesis 
has been detected in bromeliads in tropical montane forests, 
CAM incidence is likely low in our focal taxa given the high 
humidity in this environment (Pierce et al. 2002; Silvera 
et al. 2010; Supplemental Table 1; Gotsch, unpubl. data). 
All functional traits were measured during the wet seasons 
(June–August, 2013–2017) to ensure consistency in leaf 
phenotypes (Gotsch et al. 2017). In a preliminary analysis, 
we did not find significant variation across the measurement 
years, so all trait data were pooled over measurement years.

Microclimate

In 2014, we installed canopy microclimate stations in one 
of the study trees at each of the sites. The sensors included 
air temperature and relative humidity (Hobo U32, Onset 
Computer Corporation, Bourne MA), canopy soil moisture 
(EC-5, Meter Group Inc., Pullman WA), wind speed and 
wind direction (Davis Cup anemometer, Meter Group Inc., 

Pullman WA), and leaf wetness (Phytos 31, Meter Group 
Inc., Pullman WA). Data from these sensors were recorded 
every 15 min to a datalogger (EM-50 METER Group Inc, 
Pullman WA, USA), and retrieved monthly by climbing the 
tree and downloading the data.

Sample collection

We gained access to tree crowns with single rope techniques 
and then used moving-rope systems to access lateral points 
in the crown (Anderson et al. 2015). We measured func-
tional traits on healthy and newly mature leaves. For large 
individuals such as epiphytic shrubs, a large branch (~ 1 m) 
was cut from each individual; often several traits could be 
measured from that sample. For small individuals, however, 
all of the available newly mature leaves on one individual 
were used to measure just one trait. Given the large varia-
tion in the size of the samples, the total sample size varied 
from 5 individuals if there were many leaves per individual 
to 15 individuals if there were very few leaves per sample. 
Since epiphytes often grow asexually through rhizomes, we 
collected individuals from different host tree branches and 
on different host trees to avoid sampling the same genets. 
All collected plant material was immediately placed into 
black plastic bags to maintain dark and moist conditions 
until arrival at our lab where stems were recut underwater. 
Plants were kept hydrated and in the dark until measured; 
most plants were processed within 1–2 days. Since there was 
some turnover of host tree species in different sites, we were 
unable to test for the effect of host tree species.

Functional traits

We measured 22 functional traits, selected to provide infor-
mation about plant allocation strategies known to correlate 
with photosynthesis, growth, and defense (Coley et al. 1985; 
Reich et al. 1997, 1999; Wright et al. 2004, 2005). A number 
of these traits also relate to water storage and cycling and 
drought tolerance (Table 2).

Carbon and nutrient traits

We measured specific leaf area (SLA = fresh area/dry 
weight, cm2 g −1) and leaf dry matter content (LDMC = dry 
weight/fresh weight, g g−1), on entire leaves that had the pet-
iole removed. We also measured leaf toughness (TOUGH = g 
mm−2, i.e. the force needed to pierce the surface of the leaf, 
following methods outlined in Gotsch et al. 2010) and wood 
density measured with the displacement method (WD = vol-
ume/dry weight, g cm−3) for woody species.

Dry and ground samples were analyzed for C and N 
content (% dry weight), and stable isotope ratios (δ13C and 
δ15N values, respectively) were extracted with an elemental 
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analyzer/continuous flow isotope ratio mass spectrometry 
using a CHNOS Elemental Analyzer (vario ISOTOPE cube, 
Elementar, Hanau, Germany) coupled with an IsoPrime 100 
mass spectrometer (Isoprime Ltd, Cheadle, UK). The long-
term analytical precision was 0.08 ‰ for C and 0.14 ‰ for 
N. For C-isotope analyses the standard used was V-PDB, 
and for N-isotope analyses we used N2-gas. All isotope 
analyses were conducted at the Center for Stable Isotope 
Biogeochemistry at the University of California, Berkeley, 
CA, USA.

Water relations traits

We measured leaf water content (LWC = (fresh weight-
dry weight)/fresh weight *100%,) and leaf water storage 
(LWS = fresh weight/fresh area g cm−2 converted to mm) 
and generated pressure–volume (PV) curves to understand 
water storage dynamics and the ability to withstand desic-
cation across the gradient. Each PV curve often took sev-
eral days to complete on epiphytes; therefore, the number 
of species evaluated for PV curves was lower than for other 
traits. We measured a representative group of species in each 
site, including all growth forms for both succulent and non-
succulent epiphytes. The two driest sites contained fewer 
species in general and had the lowest sample sizes for PV 
curves (6 species in UGA and 10 in BA); in the wettest sites 
(CCT, EV), we sampled 20 species or more (6–23 species 

per site, minimum of five individuals per species in all sites, 
355 PV curves total across all sites). From the relationship 
between water potential and relative water content of the 
dehydrating sample, we estimated the following water rela-
tions traits: turgor loss point (TLP, MPa), relative water 
content at the turgor loss point (RWC​tlp, %), saturated water 
content (SWC, g), bulk elastic modulus (ε, MPa), capaci-
tance at full turgor (Cft, MPa −1), capacitance at the turgor 
loss point (Ctlp, MPa −1), and capacitance at full turgor on a 
leaf-area basis (C* mmol m−2 MPa−1), and lastly the osmotic 
potential at full turgor (πo; MPa) (Tyree and Hammel 1972; 
Koide et al. 2000).

We also measured the minimum leaf conductance (gmin, 
mmol m−2  s−1) and stomatal density (SD, count cm−2) 
because these variables convey information about the abil-
ity of leaves to regulate water loss (Duursma et al. 2019). 
Minimum leaf conductance is often referred to as cuticular 
conductance. However, in our study area, gmin is likely a 
combination of stomatal and cuticular conductance after the 
stomata close as much as possible (Duursma et al. 2019; 
Gotsch et al. 2018). To measure minimum leaf conduct-
ance, rehydrated leaves were removed from the stem, and 
the petiole was sealed with parafilm. In a well-ventilated 
location, leaves were weighed every 30 min for 4–6 h while 
air temperature and relative humidity were recorded. The 
gmin could then be estimated as the slope of the mass over 
time divided by the average mole fraction VPD taken over 

Table 2   Abbreviations and 
units for the functional traits 
measured in this study

Abbreviation Description Units

gmin Minimum leaf conductance mmol m−2 s−1

Tough Leaf toughness g mm−2

LDMC Leaf dry matter content g g−1

SLA Specific leaf area cm m−2

WD Wood density cm m−2

SWC Saturated water content g
πo Osmotic potential at full turgor MPa
TLP Turgor loss point MPa
RWCTLP Relative water content at the turgor loss point %
ε Bulk elastic modulus MPa
CFT Capacitance at full turgor MPa−1

CTLP Capacitance at the turgor loss point MPa−1

C* Capacitance at full turgor on a per leaf area basis mol m−2 MPa−1

SD Stomatal density stomata cm−2

LT Leaf thickness mm
Total Hydro Total hydrenchymal thickness (both layers added if present) mm
CUT​ Total cuticle thickness (summation of both cuticle layers) μm
LWC Leaf water content %
LWS Leaf water storage mm
C:N Ratio of the percent leaf carbon to nitrogen %
δ15N Nitrogen isotope ratio ‰
δ13C Carbon isotope ratio ‰
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the measurement period (Scoffoni et al. 2018). This value 
was then normalized by the average leaf area from the begin-
ning to the end of the experiment to consider leaf shrink-
age during dehydration (Scoffoni et al. 2018). To measure 
stomatal density, we coated the abaxial side of fresh leaves 
with clear nail varnish, allowed it to dry, peeled it off, and 
placed it on a glass side where the stomatal impressions were 
viewed at 100–200 × magnification using a compound light 
microscope (Motic BA210E, Richmond, British Colombia, 
Canada). Digital images were taken with a camera mounted 
to the microscope for counting with ImageJ software (v1.48, 
U.S. National Institutes of Health, Bethesda, Maryland, 
USA).

We also measured thicknesses of the leaf lamina (LT, 
mm), cuticle (CUT, μm), and thickness of hydrenchymal 
layer (Total hydro, mm) if present, on transverse sections 
of the fresh leaves that were sectioned with a razor blade 
and stained with safranin. Leaf sections were magnified 
at 200–400 × under a compound light microscope, photo-
graphed with a digital camera, and measured in ImageJ. All 
thicknesses were measured in the middle of the leaf lamina, 
away from major veins and the leaf margin.

Data analyses

Traits were evaluated for normality prior to statistical analy-
ses; non-normal data were log-transformed. All traits were 
log-normally distributed with the exceptions of the following 
traits whose raw data were normally distributed: LDMC, 
LWC, δ13C and δ15N. We performed a two-way ANOVA 
for each trait separately to determine whether the effect of 
site and functional group (herbaceous, shrub, and single-
stemmed woody epiphytes) played a significant role in trait 
variation. We applied a Benjamini–Hochberg procedure for 
multiple comparisons for each factor in the analysis to deter-
mine the threshold for significance (Q = 0.05). Intraspecific 
variation could not be assessed because most species were 
restricted in their distribution. For the two widely distributed 
species, Clusia sp. (5 sites) and A. scandens (6 sites), we 
examined intraspecific variation across the sites using one-
way ANOVAs. In a separate series of two-way ANOVAs, 
we tested whether the presence of succulent leaves affected 
functional trait variation (main effects: site, succulence, and 
their interaction). We used an ANOVA to assess whether 
variation in stable isotopes was impacted by whether a site 
was situated within or below the cloud layer. This additional 
test was performed following a visual examination of the 
data that highlighted a grouping based on this factor. Deter-
mining the abundance of our target species in relation to 
the rest of this hyper-diverse community was beyond the 
scope of our study. Since calculating community weighted 

means was not possible, species means were used in all 
comparisons.

We conducted pairwise correlations among all traits (232 
unique trait combinations in total). A Benjamini–Hochberg 
procedure for multiple comparisons was performed to deter-
mine the critical threshold for significance. We carried out a 
linear regression analysis to evaluate the effect of stomatal 
density on δ13C across all species and sites. We performed a 
Principal Components Analysis (PCA) on species averages 
for a representative subset of functional traits (LDMC, SD, 
LT, gmin, TLP) to examine overlap in multivariate trait space 
across all six sites. Principal components loading scores for 
the first two axes were analyzed with ANOVAs to test for 
the effect of site on multivariate trait values. To visualize 
differences in sites based on species presence/absence data 
across the study sites, we performed a discriminant analysis 
(Supplemental Fig. 1).

Results

Trait variation across sites

Microclimatic differences across the sites did not explain the 
variation of most individual functional traits (Fig. 2a–f). For 
7 of the 22 traits, however, the effect of site was significant 
in the two-way ANOVAs (SLA, d15N, d13C, LT, CUT, Meso-
phyll and Cft) (Table 3). Although epiphyte leaves generally 
had lower stomatal density in drier sites and higher stoma-
tal density in wetter sites, there was substantial variation in 
each site (Fig. 2f, Table 3). While the two-way ANOVAs 
did reveal significant differences across sites for SLA and 
LT, these patterns did not appear to be driven by differences 
in microclimate across the sites; in fact, for SLA, we found 
species with relatively high values at both the driest and wet-
test sites (Table 3, Supplemental Table 2). ‘Site’ did have a 
significant effect on variation in LWS. While the lowest and 
driest sites all exhibited large variation and similar average 
values of LWS, the two highest elevation sites (CCT-Lab 
and EL Valle) had much less variation and the average val-
ues were lower (Fig. 2e). For the most widely distributed 
species in this study, A. scandens and Clusia sp., we found 
substantial intraspecific variation within sites but no clear 
patterns across sites for any of the traits (data not shown).

Stable isotope composition on the other hand, exhibited 
significant site-level variation consistent with microcli-
matic differences across the gradient (δ13C: F5,5 = 14.85, 
P < 0.0001; δ15N: F5,5 = 16.34, P < 0.0001). A visual exami-
nation of these data indicated that the variation was largely 
explained by whether a site was within the current cloud 
base (e.g., EV, CCT and UCC) or below (e.g., LCC, BA, 
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UGA) (Fig. 3, δ13C: F1,1 = 52.73, P < 0.0001; and δ15N: 
F1,1 = 10.47, P = 0.002). Sites below the cloud base generally 
had higher δ13C values than sites currently within the cloud 
layer (e.g., − 28 ‰ at UGA versus − 32 ‰ at El Valle), 
while average δ15N increased from − 6.4‰ above the cloud 
base to − 1.86 ‰ below the clouds.

Variation across functional groups and growth 
forms

Although most traits did not vary in a systematic way across 
sites, there were clear differences between succulent and 
non-succulent epiphytes. Not only were there a larger num-
ber of significant differences in traits in the comparison of 

Fig. 2   Box and whiskers plots depicting the variation in select water 
relations and structural traits (a–f) at each of the field locations. The 
line in the center of the box represents the median while the top and 
bottom of the box represent the 25th and 75th percentiles. The whisk-
ers represent the 10th and 90th percentiles and the dots are outliers 

that lie above or below these values. Sites are ordered from driest 
(UGA) on the left to the wettest (EV) on the right. The ‘*’ indicates 
a significant effect of site based on an ANOVA followed by a Benja-
mini–Hochberg procedure for multiple comparisons (LT: F5,5 = 5.36, 
P = 0.0002)
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these groups, but the F-values were in many cases a degree 
of magnitude greater than the effect of the site in the analy-
ses, indicating the importance of this factor in trait varia-
tion (Table 3). Plants that were more succulent generally 
had higher gmin, C*, and LWS but had lower LDMC, SD 
and TLP (Fig. 4a–f; Table 3). Traits such as SWC, LT, and 
LWS that relate specifically to water storage were approxi-
mately two-fold greater in epiphytes with more succulent 
leaves (Supplemental Table 3). Although many important 
traits differed between more and less succulent epiphytes, 
many traits did not exhibit significant differences, including 

SLA, TOUGH, πo, ε, RWC​tlp, Ctlp, δ13C, δ15N, and leaf C:N 
(Table 3, Supplemental Table 3). In an examination of trait 
variation across sites and functional groups, we found that 
epiphytic shrubs had the lowest TLP and the highest LDMC 
and SD, though following an adjustment for multiple com-
parisons, the effect of growth form was only significant for 
SD (F2,2 = 8.98, P < 0.0001).

Relationships between traits

Pairwise correlations including plants at all sites revealed 
65 significant relationships (following an evaluation of the 
significance threshold with the Benjamini–Hochberg pro-
cedure) which likely reveal trade-offs in allocation in more 
succulent and less succulent epiphytes (Fig. 5, Supplemen-
tal Table 4). We found 12 significant correlations includ-
ing LDMC and 14 significant correlations including LWC 
(Fig. 5, Supplemental Table 3). There were negative rela-
tionships between LDMC and gmin (R = − 0.56, P < 0.0001), 
LT (R = −  0.61, P < 0.0001), and TLP (R = −  0.33, 
P = 0.0010) and a positive relationship between LDMC and 
SD (R = 0.52, P < 0.0001, Fig. 5a, c, e, g). We also found 
a positive correlation between LWC and gmin (R = 0.49, 
P < 0.0001), LT (R = 0.5, P < 0.0001), and TLP (R = 0.38, 
P = 0.001) and a negative correlation between LWC and 
SD (R = − 0.49, Fig. 5b, d, f, h). The relationship between 
LDMC and LWC was also highly significant (R = − 0.92, 

Table 3   Results of the 2-way ANOVAs testing the effects of site and 
leaf succulence on functional trait variance

Traits are shown here if at least one of the effects was significant after 
evaluation with a Benjamini–Hochberg procedure for multiple com-
parisons (Q = 0.05). P-values indicating significant differences are 
underlined. Descriptions of the trait abbreviations can be found in 
Table 2

Functional trait Statistic Site Leaf succulence Site*Leaf 
Succu-
lence

gmin (mmol 
m−2 s−1)

P-value 0.03 0.001 0.85

F-ratio 2.61 11.09 0.4
LDMC (g g−1) P-value 0.67  < 0.0001 0.75

F-ratio 0.64 56.06 0.53
SLA (cm m−2) P-value  < 0.0001 0.13 0.39

F-ratio 14.34 2.36 1.06
SWC (g) P-value 0.72  < 0.0001 0.79

F-ratio 0.58 27.26 0.48
Cft* (mol 

m−2 MPa−1)
P-value 0.003  < 0.0001 0.02

F-ratio 5.14 53.26 3.34
SD (# cm−2) P-value 0.2  < 0.0001 0.87

F-ratio 1.51 19.17 0.36
LT (mm) P-value 0.0002  < 0.0001 0.07

F-ratio 5.36 83.17 2.13
Total Hydro 

(mm)
P-value 0.09  < 0.0001 0.28

F-ratio 2.01 69.05 1.29
CUT​ (mm) P-value 0.03  < 0.0001 0.05

F-ratio 4.46 19.89 2.27
LWC (%) P-value 0.36  < 0.0001 0.22

F-ratio 1.12 28.25 1.44
LWS (mm) P-value 0.0002  < 0.0001 0.01

F-ratio 5.68 120.93 3.68
δ15N (‰) P-value  <0 .0001 0.23 0.002

F-ratio 19.39 1.51 4.7
δ13C (‰) P-value  < 0.0001 0.86 0.57

F-ratio 10.44 0.03 0.78
Mesophyll (mm) P-value 0.0027 0.66 0.089

F-ratio 3.97 0.1839 1.98

Fig. 3   Box and whiskers plots depicting variation in δ13C (a) and 
δ15N (b) for sites located below and above the current cloud base. 
The line in the center of the box represents the median while the top 
and bottom of the box represent the 25th and 75th percentiles. The 
whiskers represent the 10th and 90th percentiles and the dots are out-
liers that lie above or below these values. While the effect of site was 
significant for both traits in the ANOVAs, differences between sites 
that were below the current cloud base (i.e., UGA, BA and LCC) 
and above the current cloud base (i.e., UCC, CCT and El Valle), as 
depicted here, were most pronounced (δ13C: F1,1 = 52.73, P < 0.0001; 
and δ15N: F1,1 = 10.47, P = 0.002)
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P < 0.0001). Since more succulent epiphytes have a higher 
LWC, these relationships can be used to further understand 
ecological trade-offs in different epiphyte groups.

We examined visually the relationship between C and 
N isotopes above and below the cloud base since this fac-
tor seemed uniquely important in explaining the variation 
in these traits (R = 0.38, P < 0.0001, Fig. 6). Individuals 

residing in sites above the current cloud base tended to 
have more negative δ13C and δ15N values compared to 
individuals below the current cloud base where conditions 
were warmer and drier (ANOVA, effect of “cloud layer”: 
δ13C:F1,1 = 52.73, P < 0.0001; and δ15N:F1,1 = 10.47, 
P = 0.002, Figs. 3 and 6).

Fig. 4   Box and whiskers plots depicting the variation in representa-
tive functional traits (a–f) between succulent and non-succulent spe-
cies across all sites. The line in the center of the box represents the 
median while the top and bottom of the box represent the 25th and 
75th percentiles. The whiskers represent the 10th and 90th percen-
tiles and the dots are outliers which lie above or below these values. 
ANOVA analyses (with Benjamini–Hochberg procedure for multi-

ple comparisons) indicated that all comparisons were significant, as 
indicated with a ‘*’ in the panels, with the exception of turgor loss 
point (f) (gmin: F1,1 = 11.09, P = 0.001; Cft*: F1,1 = 53.26, P < 0.0001; 
LWS: F1,1 = 120.93, P < 0.0001; LDMC: F1,1 = 56.06, P < 0.0001; 
SD: F1,1 = 19.17, P < 0.0001). Error bars represent the standard error 
of the mean
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Although we found few significant relationships between 
stable isotope values and other functional traits, an interest-
ing and significant pattern occurred between δ13C and SD 
(Fig. 7, r2 = 0.11, P = 0.01). Although in general there was 
a large range in SD across the sites, species with the highest 
SD were restricted to wetter sites. The relationship between 
δ13C and SD improved dramatically when the species within 
a site were averaged (Fig. 7 inset, r2 = 0.83, P = 0.01). This 
figure also highlights the substantial variation in δ13C values 
within sites. Despite this variability, the most negative δ13C 
values were restricted to the wettest sites.

There was a high degree of overlap in multivariate trait 
space with no clear separation of sites; variation in both axes 
was similar in five of the six sites (Fig. 8). However, variation 
in trait space was reduced in the driest site (UGA, Fig. 8). 
PC1 explained 50.7% of the variation in the dataset while PC2 

explained 19.2%. We found no significant difference in the 
loading values of traits associated with either PC1 (F5,5 = 1.61, 
P = 0.16) or PC2 (F5,5 = 1.26, P = 0.28) across sites.

Discussion

Of the 22 traits measured, variation in only a few of these 
was explained by differences in microclimate across the 
sites (Figs. 2, 3 and 6). In contrast, we found substan-
tial variation driven by a continuum of trait combinations 
expressed by more succulent versus less succulent species 
(Figs. 5, 9). Such trade-offs indicate differences in ecologi-
cal strategies relating to drought avoidance and drought 
tolerance in the epiphyte community. Below, we address 
the questions presented in the Introduction.

Fig. 5   Representative trait cor-
relations across the six study 
sites (a–h). Leaf dry matter 
content and leaf water content 
were both normally distributed 
so their raw data are shown. 
The other traits were log-trans-
formed to achieve normality, 
and the correlations were 
evaluated using the log scale. 
Turgor loss point is depicted on 
the scale of raw data for ease of 
interpretation. Each point repre-
sents one species in a particular 
site and is comprised of meas-
urements on 5–15 individuals 
of that species. All correlations 
are significant at P < 0.01. The 
correlation coefficients for each 
relationship are depicted in each 
panel
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(1) How do traits and trait combinations vary 
from warmer and drier to cooler and wetter 
microclimates?

There are clear differences in microclimate across the six 
study sites. In general, the higher sites have more moisture 
in the system exemplified by lower VPD but higher leaf 
wetness and canopy soil moisture (Table 1, Gotsch et al. 
2017). This variation in microclimate appears to have a 

substantial effect on the community composition of vas-
cular epiphytes in the Monteverde region, where epiphyte 
communities in cloud forest sites at higher elevations have 
higher species richness and epiphyte abundance compared 
with drier sites below the cloud base (Gotsch et al. 2017; 

Fig. 6   The relationship between nitrogen and carbon stable isotope 
values of vascular epiphytes above (i.e. within the cloud layer, red 
triangles) and below (pink circles) the current cloud base (R = 0.38, 
P < 0.0001). Each point represents an epiphyte species

Fig. 7   A linear regression depicting the relationship between δ13C 
and stomatal density across the study sites (P = 0.01). The inset panel 
depicts this same relationship when averages were taken across spe-
cies for each site (P = 0.01). Sites below the cloud base are depicted 
in red while sites above the cloud base are depicted in blue. The low-
est sites in each group are the lightest shade while the highest sites in 
each group are the darkest shade. Error bars in the inset represent the 
standard error of the means. Linear equations were fitted to both data-
sets and the regression coefficient is depicted in each panel

Fig. 8   Principal Components Analysis of representative functional 
traits across the six sites. a Depicts a scatterplot of Principal Compo-
nents 1 and 2. Each point represents a different species in each of the 
sites. b Depicts the relationships between the functional traits. Traits 
such as LT and gmin that have arrows pointing toward a similar direc-
tion are positively correlated with one another, while traits whose 
vectors are opposing one another (i.e. SD and TLP) are negatively 
correlated
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Amici et al. 2019). Thus, we expected to find significant 
variation across sites in at least some traits relating to 
water relations and the leaf economics spectrum. Although 
variation in most traits appeared to be driven only by trait 
relationships underlying drought tolerance or avoidance in 
this community, variation in C and N isotopes were most 
notably influenced by a microclimate.

δ13C varied predictably across the gradient—plants in 
drier sites (i.e., below the current cloud base) had more 
positive δ13C values (Fig. 3, Supplemental Table 2). These 
results are consistent with observations that stomatal con-
ductance tends to be greater over the lifespan of leaves at 
wetter sites, providing RuBisCO with more opportunities 
to discriminate against the heavier isotope (Farquhar et al. 
1989). Although the δ13C values are consistent with C3 
photosynthesis, the range of values (− 28‰ to − 32‰) is 
at the low end of the distribution of plants with C3 photo-
synthesis and may be a result of within-crown recycling 
of soil-respired carbon, especially in the wetter sites (Da 
Silveira et al. 1989). It is possible that the high biomass of 
epiphytes and their associated canopy soils in wetter sites 
create a buffer from atmospheric CO2, which could cause 
more localized C-recycling and more negative δ13C values. 
In contrast, in the drier sites, tree crowns are more open 
and the epiphyte abundance is much lower (Gotsch et al. 
2017; Amici et al. 2019), which could facilitate greater 
mixing between in- and above-canopy air masses.

We also found significant differences in δ15N across 
sites (Fig. 3), which could be due to atmospheric sources 
of N being preferred over N in canopy soils. The range of 
δ15N values we documented was similar to those found in 
studies on vascular epiphytes (Hietz et al. 1999; Hietz et al. 
2002; Reich et al. 2003; Cardelus and Mack 2010; Craine 
et al. 2015). For example, in Monteverde, epiphytes living 
on small branches had more negative δ15N values, whereas 
higher values were found for plants rooted in canopy soil 
(Hietz et  al. 2002). Smaller individuals that receive a 
greater proportion of their N from atmospheric sources 
had more negative δ15N values compared with larger bro-
meliads that received a greater proportion of their N from 
canopy soil and had more positive δ15N values (Reich et al. 
2003). The δ15N values in our three premontane rain for-
est sites below the current cloud base were significantly 
higher than sites located above the cloud base (Fig. 3). In 
our study, all individuals were in the interior of the canopy 
and had root access to canopy soil, with greater access to 
canopy soils in the upper sites. Nonetheless, we found that 
δ15N values were more negative in higher elevation sites 
where inputs from wet deposition, which are presumed to 
have lower δ15N values, were greater (Cornell et al. 1995; 
Heaton et al. 1997; Koopmans et al. 1997; Hietz et al. 
2002). This pattern suggests that atmospheric sources of 

Fig. 9   Conceptual model summarizing the major differences between 
succulent and non-succulent epiphytes. Peperomia hoffmania, one 
of the succulent species in our study, is depicted in (a and c). While 
this species is herbaceous, succulent epiphytes can also have woody 
stems. Succulent epiphytes have a thick layer of hydrenchymal tissue 
for water storage (c). These cells are generally devoid of chloroplasts 
and have greater elasticity than surrounding cells to promote water 
transfer between layers. These plants tend to be vulnerable to lower 
leaf water potentials (i.e., high turgor loss point), have greater water 
storage (i.e., leaf water content, hydrenchymal thickness, leaf thick-
ness, etc.), less structural carbon allocation (i.e., lower leaf dry matter 
content and %C) and lower stomatal density but a higher minimum 
leaf conductance (gmin). Non-succulent epiphytes can belong to any 
life form (i.e., shrub, herbaceous, single-stemmed woody epiphyte). 
Cavendishia quercinia, a non-succulent epiphytic shrub, is depicted 
in (b and d). These species may have hydrenchymal cells interspersed 
in photosynthetically active parenchyma or epidermal cells that par-
ticipate in water storage, as depicted in (d), but they do not have thick 
hydrenchymal layers. These species tend to be more resistant to cavi-
tation (i.e., lower turgor loss point), have lower water storage capac-
ity, greater allocation to structural carbon, greater stomatal density, 
and lower minimum leaf conductance. Average trait values for all 
species can be found in the supplemental online information
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N are preferred over N in canopy soils, even in sites where 
canopy soils are abundant. Alternatively, it is possible that 
epiphytes in wetter sites receive a large proportion of their 
N from canopy soils, but that the wetter canopy soil con-
ditions promote mineralization, which lowers the δ15N. 
Additional measures of δ15N in canopy soils across our 
gradient are needed to disentangle these two patterns.

Although functional traits in several plant communi-
ties vary along environmental gradients, substantial trait 
variation has also been documented within communities 
(Wright and Westoby 1999; Wright et al. 2004, 2005; ter 
Steege et al. 2006; Ordoñez et al. 2009). Variation within 
communities can be due to niche partitioning whereby dif-
ferent species express unique trait combinations resulting in 
alternative ecological strategies (Ludlow 1989; Reich et al. 
1997; Kobe 1999; Grime 2001; Diaz et al. 2004; Ackerly 
and Cornwell 2007; Kraft et al. 2008). Such partitioning can 
provide alternate solutions in response to a common limiting 
resource and can also promote diversity in communities. We 
are aware of only two studies that have examined sources of 
trait variation in epiphytes, and these have also found sub-
stantial within-site variation (Petter et al. 2015; Costa et al. 
2018). In both studies, the target traits related most closely 
to leaf carbon and nutrient allocation rather than water rela-
tions, even though water limitation is a ubiquitous feature of 
the epiphytic life form. In fact, it was through the inclusion 
of a number of water relations traits in this study (e.g., TLP, 
LWS, LWC, LT, C, SD, and gmin) that a clear understand-
ing of the continuum of trait patterns relating to succulence 
emerged.

(2) Do ecological trade‑offs, such 
as the degree of succulence or drought 
tolerance underlie variation in functional 
traits within epiphyte communities?

In contrast to variation across sites, we found substan-
tial variation within sites that relate to functional groups 
and to an even greater degree, leaf succulence. Despite 
substantial variation in leaf size, shape and species-level 
diversity in this system, most of the traits we measured 
underlie trade-offs in allocation between more succulent 
and less succulent epiphytes (Figs. 4, 5, and 9). In gen-
eral, epiphytes with more succulent leaves expressed traits 
conferring avoidance of rather than tolerance to low water 
potentials. These plants have high water storage and area-
normalized hydraulic capacitance, and also have thick 
and tough leaves with thick cuticles. These species also 
tended to have higher TLPs and may be more vulnerable 
to cavitation than non-succulent epiphytes. The notion 
of tradeoffs in allocation between more vs. less succu-
lent epiphytes is supported by a tendency for herbaceous 

epiphytes—many of which are succulent—to avoid water 
stress during extended dry periods by greatly reducing sap 
flow (Gotsch et al. 2017). On the other hand, epiphytic 
shrubs that generally do not have succulent leaves main-
tained higher water use during a drought and subsequently 
took longer to recover (Gotsch et al. 2017).

In general, succulents also had less structural carbon 
and a greater allocation to water storage tissue (Figs. 4 and 
5). In this system, leaf toughness can be conferred either 
by succulence or high allocation to structural carbon. 
Counterintuitively, succulent plants had a greater mini-
mal leaf conductance while simultaneously having lower 
stomatal density (Figs. 4 and 5). Hydrenchymal cells tend 
to have greater elasticity, which allows these cell layers to 
release water with minimal resistance to the photosyntheti-
cally active cell layers when needed (Ogburn and Edwards 
2010). It is likely that succulent plants also have higher 
minimal conductance values since this loosely held water 
in hydrenchyma may be more easily lost from leaf sur-
faces. The lower stomatal density of succulent plants may 
minimize water loss from the hydrenchyma. However, in 
our study, the lower stomatal density of succulent epi-
phytes did not seem to be sufficient to reduce the gmin of 
succulent plants to below that of their non-succulent coun-
terparts. Conversely, non-succulent epiphytes exhibit traits 
that confer greater drought resistance. These plants had 
higher stomatal density and more structural carbon while 
leaf water storage and gmin were lower (Figs. 4 and 5).

These trade-offs align with and extend upon results 
from 11 species in the same TMCF, where foliar water 
uptake capacity and foliar water uptake in field sap flow 
trials were negatively correlated with traits relating to suc-
culence (Gotsch et al. 2015). For example, epiphytes with 
high foliar water uptake tended to have thinner leaves with 
thinner cuticles and hydrenchymal layers, and they had a 
lower leaf toughness and turgor loss points (Gotsch et al. 
2015). Succulent leaves on the other hand specialize in 
storing water, but the traits that tend to maximize storage 
capacity (i.e., thick cuticles and hydrenchymal layers) also 
limit the ability to directly absorb cloud water via leaf sur-
faces (Gotsch et al. 2015). The current study expanded on 
previous work to increase the number of species, sites, and 
traits we measured, which has resulted in our insights that 
trait relationships along a continuum of leaf succulence 
are likely driven by trade-offs between drought avoidance 
and tolerance (Fig. 9).

Our analyses revealed few significant correlations between 
functional traits and stable isotopes (four for δ13C and two for 
δ15N), which may be an indication of the strong within-site 
variation for most traits since the isotopes varied significantly 
across sites (Figs. 3 and 6). However, we did find a significant 
relationship between δ13C and SD (Fig. 7). Our δ13C data sug-
gest that stomata tended to be more closed in lower and drier 
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environments and that epiphytes in these sites may be limited 
in the range of SD they possess. In contrast, epiphyte com-
munities at the wetter end of the gradient supported species 
exhibiting higher stomatal density. Species with higher stoma-
tal density are likely able to better use cloud water via foliar 
water uptake (Gotsch et al. 2015; Berry et al. 2019). In the 
wetter sites, species also exhibited traits indicating a succulent 
strategy; however, species with a high stomatal density were 
restricted to sites with abundant precipitation and cloud cover.

Climate change projections for this region and for other 
TMCFs predict increases in the cloud base height, air tem-
perature, and the number of consecutive dry days (Pounds 
et al. 1999, 2006; Still et al. 1999; Lawton et al. 2001; Ray 
et al. 2006; Helmer et al. 2019). As water limitation intensifies 
in this system, functional diversity will likely decrease in the 
lower elevation edge of the TMCF where epiphyte taxonomic 
and functional diversity is lowest, whereas there will likely 
be some continued redundancy across sites that experience 
a more moderate microclimate. We suggest future research 
on the impacts that shifts in functional diversity will have on 
epiphyte community processes and the resultant changes in 
ecosystem services in the TMCF. This is especially important 
given the role that epiphytes play in the storage and cycling of 
water and nutrients as well as the food and habitat resources 
the community provides.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00442-​022-​05140-9.

Acknowledgements  We thank the following individuals and institu-
tions for field-based infrastructure and access to private property for 
research: Centro Científico Tropical, in particular Yoryineth Mendez 
and Geiner Alvarado Huertas (Research and Protection Department 
Heads, respectively); UGA-San Luis, in particular Fabricio Camacho; 
Buen Amigo Farm, in particular Camilo Aspen and Noam Sirota; Curi 
Cancha Reserve, in particular Lowther family and Mauricio Ramirez. 
We thank Maricella Solis and the Monteverde Institute for logistical 
support. We thank Alex Vergara and Stefania Mambelli at UC-Berke-
ley for organizing and analyzing the leaf samples for stable isotope 
analyses.

Author contribution statement  SGG, NN, TED secured funding for 
the research. SGG, NN, TED and CBW designed the study. SGG and 
CBW led the field and lab work. SGG, CBW, RB, AD, KD, MD, VD, 
AG, LG, BF, KME, JGM, RRN and IPF participated in field collections 
and functional trait measurements in the field lab. RCH lead the iso-
tope analysis. RB, KD, AG, LG, BF conducted preliminary statistical 
analyses. SGG conducted the final statistical analyses. SGG wrote the 
manuscript. All authors edited the manuscript.

Funding  The authors acknowledge funding from the following sources 
NSF: IOS-1556289 and Franklin and Marshall College (SGG), NSF: 
IOS-1556319 and The University of Utah (NN), NSF: IOS-1557333 
and The University of California-Berkeley (TED).

Availability of data and materials  Data are presented as supplementary 
information. Additional information is available upon request.

Code availability  NA.

Declarations 

Conflict of interest  All authors declare that they have no conflicts of 
interest.

Ethics approval  Not applicable

Consent to participate  Not applicable

Consent for publication  Not applicable

References

Ackerly DD, Cornwell WK (2007) A trait-based approach to commu-
nity assembly: partitioning of species trait values into within- and 
among-community components. Ecol Lett 10:135–145

Amici AA, Nadkarni N, Williams C, Gotsch SG (2019) Differences in 
epiphyte biomass and community composition along landscape 
and within-crown gradients. Biotropica. https://​doi.​org/​10.​1111/​
btp.​12725

Anderson DL, Koomjian W, French B, Altenhoff SR, Luce J (2015) 
Review of rope-based access methods for the forest canopy: safe 
and unsafe practices in published information sources and a sum-
mary of current methods. Methods Ecol Evol 6:865–872

Bartlett MK, Scoffoni C, Sack L (2012) The determinants of leaf tur-
gor loss point and prediction of drought tolerance of species and 
biomes: a global meta-analysis. Ecol Lett 15:393–405

Berry ZC, Emery NC, Gotsch SG, Goldsmith GR (2019) Foliar water 
uptake: processes, pathways, and integration into plant water 
budgets. Plant Cell Environ 42:410–423

Blackman CJ, Brodribb TJ, Jordan GJ (2012) Leaf hydraulic vulner-
ability influences species’ bioclimatic limits in a diverse group of 
woody angiosperms. Oecologia 168:1–10

Brown MB, de la Roca I, Vallejo A, Ford G, Casey J, Aguilar B, 
Haacker R (1996) A valuation analysis of the role of cloud for-
ests in watershed protection. Philadelphia, PA, USA: Sierra de las 
Minas Biosphere Reserve, Guatemala and Cusuco N.P. Honduras: 
RARE Center for Tropical Conservation

Bruijnzeel LA, Kappelle M, Mulligan M, Scatena FN (2010) Tropi-
cal montane cloud forests: state of knowledge and sustainability 
perspectives in a changing world. In: Bruijnzeel LA, Scatena FN, 
Hamilton LS (eds) Tropical montane cloud forests. Science for 
conservation and management. Cambridge University Press, Cam-
bridge, pp 691–740

Bruijnzeel LA, Scatena FN, Hamilton LS (2011) Tropical montane 
cloud forests: science for conservation and management. Cam-
bridge University Press, Cambridge

Callaway RM, Reinhart KO, Moore GW, Moore DJ, Pennings SC 
(2002) Epiphyte host preferences and host traits: mechanisms for 
species specific interactions. Oecologia 132:221–230

Cardelús CL, Mack MC (2010) The nutrient status of epiphytic ferns, 
orchids and bromeliads and their host tree along an elevation gra-
dient, Costa Rica. Plant Ecol 207:25–37

Cardelús CL, Colwell RC, Watkins JE Jr (2006) Vascular epiphyte 
distribution patterns: explaining the mid-elevation richness peak. 
J Ecol 94:144–156

Choat B, Jansen S, Brodribb TJ, Cochard H, Delzon S, Bhaskar R, 
Bucci SJ, Feild TS, Gleason SM, Hacke UG et al (2012) Global 
convergence in the vulnerability of forests to drought. Nature 
491:752–755

https://doi.org/10.1007/s00442-022-05140-9
https://doi.org/10.1111/btp.12725
https://doi.org/10.1111/btp.12725


	 Oecologia

1 3

Coley PD, Bryant JP, Chapin FS (1985) Resource availability and plant 
antiherbivore defense. Science 230(4728):895–899

Cornell S, Rendell A, Jickells T (1995) Atmospheric inputs of dis-
solved organic nitrogen to the oceans. Nature 376:243–246

Costa DS, Zotz G, Hemp A, Kleyer M (2018) Trait patterns of epi-
phytes compared to other plant life-forms along a tropical eleva-
tion gradient. Funct Ecol 32:2073–2084

Craine JM, Brookshire ENJ, Cramer MD, Hasselquist NJ, Koba K, 
Marin-Spiotta E, Wang L (2015) Ecological interpretations of 
nitrogen isotope ratios of terrestrial plants and soils. Plant Soil 
396:1–26

Da Silveira L, Sternberg L, Mulkey SS, Wright SJ (1989) Ecological 
interpretation of leaf carbon isotope ratios: influence of respired 
carbon dioxide. Ecology 70(5):1317–1324

Darby A, Draguljic D, Glunk A, Gotsch SG (2016) Habitat moisture 
drives transpiration and foliar water uptake in a tropical montane 
cloud forest canopy. Oecologia 182:357–371

Díaz S, Hodgson J, Thompson K, Cabido M, Cornelissen J, Jalili A, 
Montserrat-Martí G, Grime J, Zarrinkamar F, Asri Y (2004) The 
plant traits that drive ecosystems: evidence from three continents. 
J Veg Sci 15:295–304

Diaz S, Cabido M (1997) Plant functional types and ecosystem func-
tion in relation to global change. J Veg Sci 8:463–474

Dunne JA, Harte J, Taylor KJ (2003) Subalpine meadow flowering 
phenology responses to climate change: integrating experimental 
and gradient methods. Ecol Monogr 73:69–86

Duursma RA, Blackman CJ, Lopéz R, Martin-StPaul NK, Cochard H, 
Medlyn BE (2019) On the minimum leaf conductance: its role 
in models of plant water use, and ecological and environmental 
controls. New Phytol 221:693–705

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope 
discrimination and photosynthesis. Annu Rev Plant Biol 
40(1):503–537

Gentry AH, Dodson CH (1987) Diversity and biogeography of neo-
tropical vascular epiphytes. Ann Mo Bot Gard 74:205–233

Gotsch SG, Powers J, Lerdau ML (2010) Leaf traits and water relations 
of 12 evergreen species in Costa Rican wet and dry forests: pat-
terns of intra-specific variation across forests and seasons. J Plant 
Ecol 211(1):133–146

Gotsch SG, Nadkarni NM, Darby A, Dix M, Davidson K, Dawson TE 
(2015) Life in the treetops: ecophysiological strategies of can-
opy epiphytes in a tropical montane cloud forest. Ecol Monogr 
85:393–412

Gotsch SG, Nadkarni N, Amici A (2016) The functional significance 
of epiphytes and arboreal soils in tropical montane cloud forests. 
J Trop Ecol 32:455–468

Gotsch SG, Davidson K, Murray JG, Duarte VJ, Draguljić D (2017) 
Vapor pressure deficit predicts epiphyte abundance across an 
elevational gradient in a tropical montane region. Am J Bot 
104:1790–1801

Gotsch SG, Dawson T, Draguljić D (2018) Variation in the resilience of 
cloud forest epiphytes to severe drought. New Phytol 219:900–913

Gradstein SR, Griffin D III, Morales MI, Nadkarni NM (2001) Diver-
sity and habitat differentiation of mosses and liverworts in the 
cloud forest of Monteverde, Costa Rica. Caldasia 23:203–212

Grime JP (1977) Evidence for the existence of three primary strategies 
in plants and its relevance to ecological and evolutionary theory. 
Am Nat 111:1169–1194

Grime JP (2001) Plant strategies, vegetation processes, and ecosystem 
properties, 2nd edn. Wiley, Chichester

Haber WA (2000) Appendix 2. In: Nadkarni NM, Wheelwright NT 
(eds) Monteverde: ecology and conservation of tropical cloud for-
est. Oxford University Press, New York, p 13

Heaton THE, Spiro B, Madeline S, Robertson C (1997) Potential 
canopy influences on the isotopic composition of nitrogen and 
sulphur in atmospheric deposition. Oecologia 109:600–607

Helmer EH, Gerson EA, Baggett SL, Bird BJ, Ruzycki TS, Voggesser 
SM (2019) Neotropical cloud forest and paramo to contract and 
dry from declines in cloud immersion and frost. PLoS ONE. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02131​55

Hietz P, Hietz-Seifert U (1995) Composition and ecology of vascular 
epiphyte communities along an altitudinal gradient in Central Ver-
acruz, Mexico. J Veg Sci 6:487–498

Hietz P, Wanek W, Popp M (1999) Stable isotopic composition of 
carbon and nitrogen and nitrogen content in vascular epiphytes 
along an altitudinal transect. Plant Cell Environ 22:1435–1443

Hietz P, Wanek W, Wania R, Nadkarni NM (2002) Nitrogen-15 
natural abundance in a montane cloud forest canopy as an indi-
cator of nitrogen cycling and epiphyte nutrition. Oecologia 
131:350–355

Hollenbeck EC (2019) The threat of climate change in tropical 
montane forests: Epiphyte species face extinction as mountains 
become warmer and drier. Doctoral Dissertation, Brown Uni-
versity. https://​doi.​org/​10.​26300/​e3ds-​kb64

Kobe RK (1999) Light gradient partitioning among tropical tree spe-
cies through differential seedling mortality and growth. Ecology 
80:187–201

Koide RT, Robichaux RH, Morse SR, Smith CM (2000) Plant water 
status, hydraulic resistance and capacitance. In: Pearcy RW, 
Ehleringer JR, Mooney HA, Rundel PW (eds) Plant physiologi-
cal ecology: field methods and instrumentation, pp 161–183

Koopmans CJ, van Dam D, Tietema A, Verstraten JM (1997) Natural 
15N abundance in two nitrogen saturated forest ecosystems. 
Oecologia 111:470–480

Kraft NJB, Valencia R, Ackerly DD (2008) Functional traits and 
niche-based tree community assembly in an Amazonian forest. 
Science 322:580–582

Laube S, Zotz G (2006) Neither host-specific nor random: vascular 
epiphytes on three tree species in a Panamanian lowland forest. 
Ann Bot 97:1103–1114

Lawton RO, Nair US, Pielke RA, Welch RM Sr (2001) Climatic 
impact of tropical lowland deforestation on nearby montane 
cloud forests. Science 294:584–587

Ludlow MM (1989) Strategies of response to water stress. In: Kreeb 
KH, Richter H, Minckley TM (eds) Structural and functional 
responses to environmental stress. SPB Academic, The Hague, 
pp 269–281

Nadkarni NM (1984) Epiphyte biomass and nutrient capital of a 
neotropical elfin forest. Biotropica 16:249–256

Nadkarni NM (1994) Factors affecting the initiation and growth of 
aboveground adventitious roots in a tropical cloud forest tree: 
an experimental approach. Oecologia 100:94–97

Nadkarni NM, Solano R (2002) Potential effects of climate change 
on canopy communities in a tropical cloud forest: an experimen-
tal approach. Oecologia 131:580–586

Nadkarni NM, Schaefer DA, Matelson TJ, Solano R (2004) Biomass 
and nutrient pools of canopy and terrestrial components in a 
primary and a secondary montane cloud forest, Costa Rica. For 
Ecol Manage 198:223–236

Ogburn RM, Edwards EJ (2010) The ecological water use strategies 
of succulent plants. In: Kader JC, Delseny M (eds) Advances 
in botanical research, vol 55. Academic Press-Elsevier Science, 
London, pp 179–225

Ordoñez JC, van Bodegom PM, Witte J-PM, Wright IJ, Reich PB, 
Aerts R (2009) A global study of relationships between leaf 
traits, climate and soil measures of nutrient fertility. Glob Ecol 
Biogeogr 18:137–149

https://doi.org/10.1371/journal.pone.0213155
https://doi.org/10.26300/e3ds-kb64


Oecologia	

1 3

Petter G, Wagner K, Wanek W, Sánchez Delgado EJ, Zotz G, Cabral 
JS, Kreft H (2015) Functional leaf traits of vascular epiphytes: 
Vertical trends within the forest, intra-and interspecific trait 
variability, and taxonomic signals. Funct Ecol 30:188–198

Pierce S, Winter K, Griffiths H (2002) The role of CAM in high 
rainfall cloud forests: an in-situ comparison of photosynthetic 
pathways in Bromeliaceae. Plant Cell Environ 25:1181–1189

Pounds JA, Fogden MPL, Campbell JH (1999) Biological response 
to climate change on a tropical mountain. Nature 398:611–615

Pounds JA, Bustamante MR, Coloma LA, Consuegra JA, Fogden 
MPL, Foster PN, La Marca E, Masters KL, Merino-Viteri A, 
Puschendorf R et  al (2006) Widespread amphibian extinc-
tions from epidemic disease driven by global warming. Nature 
439:161–167

Ray DK, Nair US, Lawton LO, Welch RM, Pielke RA Sr (2006) 
Impact of land use on Costa Rican tropical montane cloud for-
ests: sensitivity of orographic cloud formation to deforestation 
in the plains. J Geophys Res 111:D02108

Reich PB (2014) The world-wide ‘fast–slow’ plant economics spec-
trum: a traits manifesto. J Ecol 102:275–301

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra: 
global convergence in plant functioning. Proc Natl Acad Sci 
94:13730–13734

Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, Volin 
JC, Bowman WD (1999) Generality of leaf trait relationships: 
a test across six biomes. Ecology 80(6):1955–1969

Reich A, Ewel JJ, Nadkarni NM, Dawson TE, Evans RD (2003) 
Nitrogen isotope ratios shift with plant size in tropical brome-
liads. Oecologia 137:587–590

Scoffoni C, Albuquerque C, Cochard H, Buckley TN, Fletcher LR, 
Caringella MA, Bartlett M, Broersen CR, Jansen S, McElrone 
AJ, Sack L (2018) The causes of leaf hydraulic vulnerability 
and its influence on gas exchange in Arabadopsis thaliana. Plant 
Physiol 178(4):1584–1601

Sheldon KS, Nadkarni NM (2015) Reproductive phenology of epi-
phytes in Monteverde, Costa Rica. Rev Biol Trop 63:1119–1126

Silvera K, Santiago LS, Cushman JC, Winter K (2010) The incidence 
of crassulacean acid metabolism in Orchidaceae derived from 
carbon isotope ratios: a checklist of the flora of Panama and 
Costa Rica. Bot J Linn Soc 163:194–222

Still CJ, Foster PN, Schneider SH (1999) Simulating the effects 
of climate change on tropical montane cloud forests. Nature 
789:608–610

ter Steege H, Pitman NCA, Phillips OL, Chave J, Sabatier D, Duque 
A, Molino J-F, Prévost M-F, Spichiger R, Castellanos H, von 
Hildebrand P et al (2006) Continental-scale patterns of can-
opy tree composition and function across Amazonia. Nature 
443:444–447

Tognetti S, Aylward B, Bruijnzeel LA (2010) Assessment needs 
to support the development of arrangements for payments for 
ecosystem services from tropical montane cloud forests. In: 
Bruijnzeel LA, Scatena FN, Hamilton LS (eds) Tropical mon-
tane cloud forests. Science for conservation and management. 
Cambridge University Press, Cambridge, pp 671–685

Turner MG (1989) Landscape ecology: the effect of pattern on pro-
cess. Annu Rev Ecol Syst 20:171–197

Tyree MT, Hammel HT (1972) Measurement of turgor pressure and 
water relations of plants by pressure bomb technique. J Exp 
Bot 23:267–282

Wagner K, Mendieta-Lieva G, Zotz G (2015) Host specificity in vas-
cular epiphytes: a review of methodology, empirical evidence 
and potential mechanisms. Ann Bot 7:plu092

Williams JW, Jackson ST, Kutzbach JE (2007) Projected distribu-
tions of novel and disappearing climates by 2100 AD. Proc Natl 
Acad Sci USA 104:5738–5742

Wright IJ, Westoby M (1999) Differences in seedling growth behav-
iour among species: trait correlations across species, and trait 
shifts along nutrient compared to rainfall gradients. J Ecol 
87:85–97

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers 
F, Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M 
et al (2004) The worldwide leaf economics spectrum. Nature 
428:821–827

Wright IJ, Reich PB, Cornelissen JHC, Falster DS, Garnier E, Hiko-
saka K, Lamont BB, Lee W, Oleksyn J, Osada N et al (2005) 
Assessing the generality of global leaf trait relationships. New 
Phytol 166:485–496

Zadroga F (1981) The hydrological importance of a montane cloud 
forest area of Costa Rica. In: Lal R, Russell EW (eds) Tropical 
agricultural hydrology. Wiley, New York, pp 59–73


	Trade-offs between succulent and non-succulent epiphytes underlie variation in drought tolerance and avoidance
	Abstract
	Introduction
	Methods
	Description of sites
	Epiphyte study species and functional groups
	Microclimate
	Sample collection
	Functional traits
	Carbon and nutrient traits
	Water relations traits

	Data analyses

	Results
	Trait variation across sites
	Variation across functional groups and growth forms
	Relationships between traits

	Discussion
	(1) How do traits and trait combinations vary from warmer and drier to cooler and wetter microclimates?
	(2) Do ecological trade-offs, such as the degree of succulence or drought tolerance underlie variation in functional traits within epiphyte communities?
	Acknowledgements 
	References




