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 Epiphytes are common in tropical montane cloud forests (TMCFs) and play many important
ecological roles, but the degree to which these unique plants will be affected by changes in climate is unknown. We investigated the drought responses of three vascular epiphyte commu~o-impacted dry season.
nities bracketing the cloud base during a severe, El Nin
 Epiphytes were instrumented with sap flow probes in each site. Leaf water potential and
pressure–volume curve parameters were also measured before and during the drought. We
monitored the canopy microclimate in each site to determine the drivers of sap velocity across
the sites.
 All plants greatly reduced their water use during the drought, but recovery occurred more
quickly for plants in the lower and drier sites. Plants in drier sites also exhibited the greatest
shifts in the osmotic potential at full saturation and the turgor loss point.
 Although all individuals survived this intense drought, epiphytes in the cloud forest experienced the slowest recovery, suggesting that plants in the TMCF are particularly sensitive to
severe drought. Although vapor pressure deficit was an important driver of sap velocity in the
highest elevation site, other factors, such as the volumetric water content of the canopy soil,
were more important at lower (and warmer) sites.

Introduction
In tropical mountains, ecosystems are compressed into narrow
bands because of differences in climatic and geographic variables.
The elevation of the tropical montane cloud forest (TMCF)
varies depending on a number of factors, including exposure, the
size of the mountain (‘mass-elevation effect’), distance from the
coastline and associated microclimatic variables, including temperature, cloud cover and precipitation (Flenley, 1995; Jarvis &
Mulligan, 2010). In these regions, elfin forest, cloud forest, and
upper and lower premontane rain forest exist within distances as
short as a few kilometers (Bruijnzeel et al., 2011). Such close
proximity of different ecosystems provides opportunities to study
how species in these distinct habitats respond to seasonal resource
limitations and to understand how these habitats might be
affected by projected changes in climate.
TMCFs exist on steep terrain; these forests provide critical
local and regional hydrological services by promoting the infiltration of precipitation into the soil and subsurface, which, in turn,
maintains stable stream flows (Zadroga, 1981; Brown et al.,
1996; Bruijnzeel et al., 2010; Tognetti et al., 2010). Because the
microclimatic zones of TMCFs are narrow, this ecosystem is
likely to be affected by projected changes in climate, including
land surface warming and increases in cloud base heights (Lawton
et al., 2001). Changes in TMCF community structure may have
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large impacts on landscape processes, although effects will depend
on cloud water inputs and the intensity of land use practices
(Mu~
noz-Villers, 2008; Tobon et al., 2010; Bruijnzeel et al.,
2011).
Epiphytes reach their peak in biomass and diversity in the
TMCF, where they supply up to 50% of the within-crown leaf
area and provide substantial inputs of above-ground biomass to
the entire ecosystem (Nadkarni, 1984; Nadkarni & Matelson,
1992; Hofstede et al., 1993). In the TMCF of Monteverde,
Costa Rica, large woody epiphytes, including epiphytic shrubs,
hemi-epiphytes and single-stemmed woody species, are all abundant and comprise a substantial proportion of the living biomass
in the canopy (40–60% of the biomass of vascular plants in all
sites; A. Amici, unpublished data). These forest components
intercept nutrient-rich cloud water, which is cycled locally in the
canopy, and is then moved to the forest floor via litterfall and
crownwash (Gotsch et al., 2016). Furthermore, vascular epiphytes, bryophytes and associated dead organic matter have high
water storage capacities, which can alter canopy microclimate
and benefit the water relations of host trees (Stuntz et al., 2002;
Stanton et al., 2014).
Vascular epiphytes exhibit a variety of traits that are likely
adaptations to withstand dry periods by aiding in the maintenance of positive water balance and drought resistance. These
characteristics include thick leaves and cuticles to resist water loss;
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large tuber-like storage structures; and even in a few cases the
induction of Crassulacean acid metabolism (CAM) photosynthesis when conditions are severe (Benzing, 1990; Zotz & Winter,
1994; Gotsch et al., 2015). Despite having adaptations to cope
with water limitation, these plants lack a direct connection to the
ground, and so depend directly on atmospheric inputs of both
water and nutrients. Whether vascular epiphytes can withstand
projected changes in climate, such as long-term increases in temperature, cloud base heights and the number of days without
rain, is largely unknown (Still et al., 1999; Pounds et al., 2006;
Ray et al., 2006; Karmalkar et al., 2008; but see: Nadkarni &
Solano, 2002). A loss of the epiphyte community or a change in
epiphyte community composition could alter or diminish important services provided by the TMCF ecosystem, including water
and nutrient cycling and storage, as well as food and habitat
resources for a number of animals (Gotsch et al., 2016 and references therein).
Deforestation in lowland regions in Costa Rica has caused an
upward shift in the cloud base and this shift is likely to continue
if land surface temperatures continue to rise (Lawton et al.,
2001). In addition, changes in precipitation patterns, including
an increase in the number of dry days (< 0.1 mm d1 recorded),
have already been reported in Monteverde, a TMCF in Costa
Rica, and are likely to continue (Still et al., 1999; Pounds et al..,
2006). For example, the average number of dry days from 1973
to 1981 was 25, whereas from 2011 to 2016 this number rose to
104 (Pounds & Masters, 2017; A. Pounds, unpublished data). In
2016, the year of this study, precipitation patterns were also
affected by the El Ni~
no Southern Oscillation (ENSO). In this
year, there were 129 dry days, which is the current record
(Pounds & Masters, 2017; A. Pounds, unpublished data). Continued increases in the number of dry days are likely to result in
widespread drought and shifts in community structure.
The evaluation of water relations traits, including sap flow and
pressure–volume parameters, such as the turgor loss point (TLP),
can be used to assess the resilience of epiphytes to periods of
drought. Sap flow has been shown to respond to drought in this
community, and pressure–volume parameters have been found
to indicate drought tolerance in a number of ecosystems
(Niinemets, 2001; Brodribb & Holbrook, 2003; Lenz et al.,
2006; Blackman et al., 2010; Bartlett et al., 2012; Darby et al.,
2016). In this study, we exploited an unprecedentedly intense
dry season that occurred from February to April 2016 to determine the effect of drought on the water relations of common
canopy epiphytes. Our study took place in three sites bracketing

the current cloud base: a TMCF site; a mid-elevation premontane rainforest site located near the current cloud base; and a site
c. 300 m below the cloud base. We instrumented epiphytes at
each site with sap flow sensors and measured water potential and
pressure–volume curve parameters before and during the
drought. We also followed plants at the beginning of the rainy
season to document variation in drought recovery across sites and
species. We investigated the following questions. Is there variation in drought responses between or within epiphyte communities that reside in different microclimatic zones? Are TMCF
epiphytes more vulnerable to drought than epiphytes in canopies
at lower elevations? How do the patterns of water use vary in
canopy epiphyte communities that reside in different microclimates? Are there differences in the microclimatic drivers of sap
flow (water use) across the sites?

Materials and Methods
Site description
This research took place in three sites that bracket the cloud base
in the tropical montane region of central Costa Rica (Table 1).
The highest elevation site is located in TMCF in the Monteverde
Reserve (CCT, 1554 m above sea level (asl)). The average annual
rainfall is c. 4000 mm (Pounds et al., 1999; A. Pounds, unpublished data). The dry season generally occurs from February to
April (Nadkarni, 1984, 1994), which include periods of rain and
mist, but less than that at other times of the year. The middle elevation site is located near the current cloud base in an upper premontane rain forest (Curi Cancha Reserve or LCC, 1474 m asl).
The lowest elevation site is located in a premontane rain forest
and has an average annual precipitation of 2300 mm (http://wea
ther.uga.edu/index.php?content=gp&site=SANLUIS; University
of Georgia-Costa Rica, or UGA, 1100 m asl). The seasonality of
the weather patterns is more severe in the lower elevation sites
(data, this study: see Fig. 2).
At each site, two dominant canopy trees (but not emergent)
were chosen within 50 m of one another (Fig. 1). Specific host
species were not targeted, because, unlike lowland forests, montane forest trees do not appear to have striking host specificity
(Nadkarni, 1984). The host tree genera included Ficus
(Moraceace), Ocotea (Lauraceae), Pouteria (Sapotaceae) and
Sapium (Sapindaceae), which are among the most common in all
sites (Haber, 2000). We selected trees that had a large and
healthy crown and trunk and what appeared to be a

Site

Elevation

Location

Forest type

Latitude

Longitude

CCT
LCC

1554
1474

084°470 39.30″W
084°480 16.45″W

1100

Primary
Secondary with
remnant trees
Secondary

10°180 18.84″N
10°180 22.51″N

UGA

Monteverde Reserve
Curi Cancha Reserve,
Monteverde
University of Georgia,
San Luis

10°160 58.83″N

084°470 51.06″W

Table 1 Elevation, forest type, reserve name
and GPS coordinates for each of the study
sites

CCT, a cloud forest site; LCC, an upper premontane rainforest near the cloud base; UGA, a lower
premontane rainforest.
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epiphyte community is well mixed, whereas, in LCC, shrubs were
the most abundant functional group and, in UGA, shrubs and
bromeliads were most abundant (S. Gotsch, unpublished data).
At UGA, only one species yielded usable sap flow data.
Microclimate

Fig. 1 Each image was taken from a study crown in each of the three sites.
In the cloud forest (upper site and panel), the epiphyte community is most
lush and diverse. Near to the cloud base (middle site and panel), the
biomass of the canopy community is high, but the diversity is lower than
that in the cloud forest site. In the premontane site (lowest site and panel),
the diversity and abundance are lowest.

representative epiphyte community for the site (Fig. 1). We sampled individuals in two trees to maximize our sample sizes within
a species and to ensure that sampled individuals (which often
grow in clonal patches) were genetically distinct.
Epiphyte study species
The most abundant canopy epiphyte species (based on biomass
measurements; A. Amici, unpublished data) were measured in
two host trees in each of the sites (Table 2). Because sap flow
measurements were central to this research, we limited our
species selection to those with long and straight internodes.
When possible, we included individuals from both host trees at
each site. Our study species represented different functional
groups (shrubs, single-stemmed woody species, herbaceous,
hemi-epiphytes) at the LCC and CCT sites. In CCT, the
Ó 2017 The Authors
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Microclimate stations were installed near the center of one tree
crown in each site between June and July of 2014. Each station
contained one data logger that recorded air temperature and relative humidity (HOBO U23 Pro v2 External U23-002, Onset
Corporation, Cape Cod, MA, USA), and an Em50 data logger
(Decagon Devices, Pullman, WA, USA) which collected data
from a Davis cup anemometer, a soil moisture probe, a soil temperature probe and a leaf wetness (LWS) sensor (Decagon
Devices). Soil probes were placed at a 45° angle into the epiphyte
mat to a depth of 10–15 cm. Inner canopy epiphyte mats (where
weather stations were placed) ranged in depth from 10 to 15 cm
in the lowest site to ≥ 30 cm in the upper two sites. All mats consisted of dead organic matter and had a high fine and coarse root
biomass relative to terrestrial soil samples at a similar depth (S.
G. Gotsch, pers. obs.) It was not possible to analyze the absolute
volumetric water content (VWC) of canopy soils, as calibration is
needed in each location to ensure that the baseline values across
the sites are comparable. Because these sensors are deployed until
2019, this calibration was not possible. To compare across sites,
we calculated the percentage of the maximum VWC (% max
soil) in each site for the study period, which represented the dry
season and 3 wk of wet-up when the rainy season began (after
Starr & Paltineanu, 2002). As canopy epiphyte mats occupy a
small area relative to terrestrial soil, we assumed that the wet-up
period in this study was sufficient to saturate the mats. We limited the microclimate data used to the time at which we also had
sap flow data, as one of our goals was to determine the microclimatic drivers of sap flow across the sites.
Sap flow
Sap flow sensors were installed on 16 individuals in the two focal
trees in each of the three study sites (four to five species per tree,
two to four replicates per species per tree). Sap flow stations were
installed throughout the months of January and February of
2016. All stations were functioning by 1 March 2016. We maintained these stations throughout the driest months of the dry season (March and April) and for 2 wk after the onset of the rainy
season, in early May.
The sap flow probes used measure sap velocity with the heat
ratio method, which allows the measurement of low and reverse
flows (Burgess et al., 2001). To minimize intrusive damage to the
small epiphyte stems, we used external sensors constructed following the methods of Clearwater et al. (2009) and Darby et al.
(2016). The sensor head is held firm to the stem with Parafilm,
which also keeps the sensor head dry. The sensor array was powered by a 12 V battery. The data were logged every 10 m using a
CR-1000 datalogger connected to an AM 16/32 multiplexer
(Campbell Scientific, Logan, UT, USA). Sap velocity and
New Phytologist (2017)
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Table 2 Taxonomic and growth form information, and summary sap flow statistics for the focal study species
Site

Species

Family

Epiphytic growth form

Drought

SE

Recovery

SE

n

CCT

Cavendishia capitulata
Chorigyne ensiformis
Neomirandea croatii
Notopleura pithecobia*
Peperomia sp.*
Schefflera rodrigueziana
Cavendishia quercina
Gonocalyx costaricense
Macleania insignis
Neomirandea croatii
Hillia loranthoides*
Macleania insignis

Ericaceae
Cyclanthaceae
Asteraceae
Rubiaceae
Piperaceae
Araliaceae
Ericaceae
Ericaceae
Ericaceae
Asteraceae
Rubiaceae
Ericaceae

Shrub
Herbaceous
Single-stemmed woody
Single-stemmed woody
Herbaceous
Hemi-epiphyte
Shrub
Shrub
Shrub
Single-stemmed woody
Shrub
Shrub

14.2
43.9
24.5
35.2
61.2
32.9
27.0
43.0
31.0
68.6
na
59.2

6.0
10.8
na
17.8
na
6.8
na
10.7
5.4
27.7
na
6.8

46.9
65.0
45.7
40.2
81.6
64.9
56.9
90.5
100.0
70.8
na
100.0

6.0
3.2
na
9.8
na
16.3
na
5.6
1.7
4.1
na
9.7

3
2
1
3
1
3
1
5
5
3
0
7

LCC

UGA

These species were evaluated using sap flow probes and pressure–volume curves, and their water potential was also measured under field conditions,
throughout the experiment. n refers to the sample size for sap flow. Sensor failure prohibited sap flow data from being collected from Hillia laurenthoides,
but this species was used for other measurements in the study. ‘Drought’ refers to the percentage of maximum sap flow (l h1) for the study species during
the height of the drought (week 8) and ‘Recovery’ refers to the percentage of maximum sap flow following a week of rain (week 10). Uneven sample sizes
were caused by sensor failure. All Ericaceous shrubs contained lignotubers. Species marked with an asterisk were those with succulent leaves. Not applicable
(na) is indicated for species for which only one individual was measured as the standard error (SE) could not be measured.

volumetric sap flow calculations were performed on the 35 sensors that remained functional throughout the study period. The
heat pulse velocity, Vh (cm h1), was calculated using the equation


k
dT1
Vh ¼ ln
x
dT2

Eqn 1

where x represents the distance between the heater and the thermocouple (0.5 cm), dT1 and dT2 are the downstream and
upstream temperature changes (°C) and k represents the thermal
diffusivity constant estimated from
k¼

x2
4tm

Eqn 2

where tm is the time between the heat pulse and the maximum
temperature measured x distance above and below the heater
(Clearwater et al., 2009). This allowed for the determination of
the sap flow velocity, Vs, from
Vh pb ðcw þ mc cs Þ
Vs ¼
ps cs

Eqn 3

where qb is the stem density, cW is the specific heat capacity of
the wood matrix (1200 J kg1 °C1 at 20°C), cS is the specific
heat capacity of water (4182 J kg–1 °C1 at 20°C), mc is the water
content of the xylem and qs is the density of water (Burgess et al.,
2001).
Variation in sensor construction can be corrected by severing
the xylem above and below the installation to obtain true zero
values, but this method was not appropriate because the plants
underwent continued observation after this study. We therefore
obtained zero reference values when environmental conditions
suggested a period with minimal transpiration but no foliar water
New Phytologist (2017)
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uptake (i.e. at night-time when the vapor pressure deficit (VPD)
was low and the leaf surfaces were dry; Ambrose et al., 2009,
2010; Gotsch et al., 2014). The data for each sensor were then
adjusted by adding or subtracting this value from the rest of the
dataset. These corrected values were then scaled up to the volumetric flow by multiplying the velocity data by the cross-sectional
area of the stem on which the sensor was placed. These estimates
are probably an overestimate of the total volumetric flow as there
are non-conductive tissues included in the total cross-sectional
area. For woody species, this error is probably reduced as nearly
all of the entire cross-section of the stem appeared to be functional xylem (S. G. Gotsch, pers. obs.). For herbaceous species,
this error is probably greater as there are more non-conductive
components in these stems. Both sap velocity and estimates of
volumetric flow are reported in the results for comparison. The
species and sample sizes for the sap flow sensors that remained
functional throughout the experiment can be seen in Table 2.
Water potential and pressure–volume curves
Leaf water potential was measured with a Scholander-style pressure chamber (Model 1505, PMS Instrument Co., Corvallis, OR,
USA) on 5–10 individuals of each of the study species in the three
sites. Measurements occurred before the drought (January), in the
middle of the dry season (March) and at the end of the dry season
(April), and were taken at both predawn (04:30–05:30 h) and
midday (11:30–12:30 h) during these time periods. Leaves were
sealed in plastic bags and measured within 45 min of collection.
Pressure–volume curves were conducted on 10–12 individuals
per species per site to determine the TLP and the osmotic potential at full saturation. Different individuals were used from those
instrumented with sap flow sensors. Small shoots were harvested,
sealed into plastic bags and brought to a laboratory within 3 h. In
the laboratory, stems were recut underwater and placed into a
black plastic bag, whilst maintaining the cut end in water. This
Ó 2017 The Authors
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humidity chamber served to rehydrate the samples. To conduct a
pressure–volume curve, water potential and fresh weight were
measured 12–15 times as each sample was bench-dried in ambient air until c. 40% of the mass was lost. This process occurs very
slowly in epiphytes and, in many cases, pressure–volume curves
took 2–3 d to complete, depending on the degree of succulence
of the species (Gotsch et al., 2015). During this time, the thickness of succulent leaves decreased and veins became clearly visible. Since the laboratory conditions were similar to those of the
cloud forest (> 80% relative humidity and 16–22°C), samples
were placed in a light box to accelerate desiccation. Once a curve
had been completed, samples were dried to a constant weight to
determine the leaf dry mass. The relationship between the inverse
water potential and relative water content was plotted and analyzed following the methods described by Sack et al. (2011).
Data analyses
To analyze differences in the weekly meteorological variables
across the sites, we performed an analysis of covariance
(ANCOVA) for each of the following variables: LWS, relative
humidity, air temperature, wind speed, percentage of the maximum volumetric soil water content and VPD. The week of measurement and the site were treated as fixed variables.
We also performed ANCOVAs on sap velocity, volumetric sap
flow and percentage of the maximum sap flow (% max sap flow)
within and across sites, as the evaluation of these parameters sheds
insights into the different processes driving water movement in
epiphytes. For example, sap velocity will be driven more by variation in microclimate, whereas volumetric sap flow will be affected
to a large degree by the size of individuals, and the % max sap flow
is also influenced by the capacity for sap flow of different species
(Supporting Information Figs S1, S2). The week of measurement
and the site were also treated as fixed variables in these analyses. To
determine sap flow recovery following the drought, we calculated
the average sap flow in each site for an entire week (week 11) following a week with high rainfall (week 10). We then divided that
value by the weekly average sap flow during the first week of the
study. The first week of the study was considered to be the maximum sap flow as conditions were sunny but had been wet in all
sites for a month before the study. The recovery values were then
evaluated using an analysis of variance (ANOVA) to determine
whether the site rates were significantly different from one another.
Canopy water potential data were analyzed using a two-way
ANOVA in which the effects tested were month, site and
month 9 site, where the months corresponded to the wet season,
the middle of the dry season and the end of the dry season. We
conducted two of these two-way ANOVAs, one for predawn and
another for midday leaf water potential. We also used two-way
ANOVAs to determine the effect of site, season and the interaction of these effects on the TLP and the osmotic potential at full
saturation. The effect of species identity could not be included in
this analysis as only one species was studied in UGA. The data
exhibited either a normal or log-normal distribution. These analyses were conducted in JMP v.10 (SAS Institute Inc., Cary, NC,
USA).
Ó 2017 The Authors
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To compare the microclimatic drivers of sap velocity at different elevations, we performed multiple mixed-effect regressions
with backward selection for the three sites using R v.3.1.1. To
examine the differences in the microclimatic drivers for
Macleania insignis, we performed the same backward selection on
LCC for M. insignis only and compared it with the analysis for
UGA, as only M. insignis was measured in UGA. Finally, we performed a multiple mixed-effect regression for shrubs and for single-stemmed species within CCT to compare drivers of sap
velocity of these two functional groups. In each backward selection procedure, the full model contained the random effects for
species and plant nested within species if different species were
present. The fixed effects for VPD, wind, gusts, direction, VWC,
soil temperature, LWS, temperature and relative humidity were
considered for inclusion in the full model. All variables were first
evaluated to assess multi-collinearity, as variables with high correlation must be excluded from regression analyses. After examination of individual variables and possible multi-collinearity issues,
the analyses in CCT excluded wind, gusts, direction, temperature
and relative humidity. In LCC and UGA, only relative humidity
was excluded. The fixed effects included main effects, quadratic
effects and all two-way interactions. All parameters were estimated via maximum likelihood. These analyses were performed
following the methods detailed in Darby et al. (2016). The
detailed summaries of the final models are shown in the tables in
Supporting Information.

Results
Microclimate
Microclimatic parameters varied significantly across the sites.
There was a significant effect of site (but not week) on VPD
(F = 579.6, P < 0.0001); VPD was generally highest in the lowest
elevation site and lowest in the highest site (Fig. 2a). There was a
significant effect of site and week on LWS (week: F = 1028.7,
P < 0.0001; site: F = 1113.5, P < 0.0001), which appeared to be
driven largely by the cloud forest site, which had high LWS at the
beginning of the study because of steady mist during this period
(Fig. 2b; S. G. Gotsch, pers. obs.). Air temperature exhibited a
slight increase from the beginning to the end of the time period
at all sites and the highest temperatures were consistently at the
lowest site (Fig. 2c; week: F = 260.5, P < 0.0001; site: F = 995.1,
P < 0.0001). The middle and lowest elevation sites were the most
closely related in temperature despite the middle and upper sites
being closer in elevation (Fig. 2c). Wind speed was variable in the
lower two sites, whereas, in the highest site, the wind speed was
close to zero throughout the study (Fig. 2d; week: F = 888.6,
P < 0.0001; site: F = 1323, P < 0.0001). The relative humidity
was generally highest in the highest site and lowest in the lowest
site, and the effect of site (but not week) was significant (Fig. 2e;
site: F = 543.3, P < 0.0001). The middle elevation site often
exhibited intermediate relative humidity, but there were weeks
when the relative humidity was nearly identical to the upper or
lower sites (Fig. 2e). The percentage of the maximum soil water
content (% max soil) exhibited significant variation across the
New Phytologist (2017)
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site (Fig. 3; week: F = 5.7, P = 0.02; site: F = 5.8, P = 0.01). At
the beginning of the time series, the volumetric sap flow was similar in the upper and lower sites, although these trajectories differed during the drought and recovery periods (Fig. 3). There
was substantial variation in the range of sap flow values within
and across species in the upper and mid-elevation sites (see Supporting Information). From March to April, decreases in volumetric sap flow occurred in all sites (Fig. 3). Dry season
depression of sap flow rates was greatest in the highest elevation
site; sap flow remained close to zero for the last 2 wk of April. By
contrast, in the middle and lower elevation sites, sap flow continued at low rates throughout the drought (Fig. 3). When the rainy
season began, there was some degree of recovery of sap flow in all
sites and the differences across sites were statistically significant
(ANOVA: F = 4.64, P = 0.01). After a week of substantial precipitation, plants at the lowest site returned to an average sap flow
rate of 78% of the first week of the time series, whereas plants in
the middle elevation site experienced a 49% recovery and plants
from the upper elevation cloud forest site experienced a 44%
recovery of sap flow.
Percentage of maximum sap flow

Fig. 2 Weekly mean canopy microclimate during the study period. The
cloud forest (CCT) is the uppermost site, the upper premontane site lies
just below the cloud base (LCC) and is the middle elevation site, and the
lower premontane cloud forest (UGA) is the lowest site. (a) Vapor pressure
deficit (VPD), (b) leaf wetness (LWS), (c) air temperature, (d) wind speed,
(e) relative humidity (RH) and (f) percentage of the maximum volumetric
soil water content in each of the sites. The shaded bar represents four
consecutive weeks with little to no rainfall.

sites throughout the study period (Fig. 2f; week: F = 432.6,
P < 0.0001; site: F = 1434.5, P < 0.0001). At the beginning of the
study, % max soil was consistently greater in the upper site, but,
during the drought, % max soil approached zero in all sites. The
uppermost site maintained higher water content throughout the
majority of the study than the lower two sites (Fig. 2f).
Volumetric sap flow
Throughout the measurement period, the sap flow averaged
across all individuals per site was greatest at the middle elevation
New Phytologist (2017)
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The weekly percentage of the maximum volumetric sap flow (%
max sap flow) followed similar trajectories in all sites (Fig. 4). Sap
flow was high at the beginning of the period, rates dropped during the drought and then exhibited a partial recovery with the
return of the rains. The % max soil often exhibited similar patterns to the % max sap flow, although the patterns of both variables differed significantly across sites (Fig. 4; week: F = 7.4,
P = 0.01; site: F = 4.18, P = 0.03). In the highest elevation site,
the percentages of both soil and sap flow overlapped for the
majority of the study (r2 = 0.81, Fig. 4a). At the middle elevation
site, there was least agreement between % max soil and % max
sap flow (r2 = 0.25, Fig. 4b). In this site, the % max soil was low
at the beginning of the study, and remained low until the rainy
season returned. In the lowest elevation site, the correlation was
highest between % max sap flow and % max soil, but the values
were substantially lower for % max soil water (r2 = 0.95, Fig. 4c).
In the upper two sites, there was evidence of a time lag between
these two variables, which was seen during the recovery period
when the rains returned (Fig. 4a,b). In the upper elevation site,
the % max sap flow increased more than % max soil water in late
April, whereas % max soil showed improvement before the sap
flow signal in the mid-elevation site. We also found that the difference in the % max sap flow for Macleania insignis in these two
sites was not significant (Fig. S1). The % max sap flow for all
study species in the height of the drought (week 8) and following
a week of rain (week 10) can be seen in Table 2.
Sap velocity: site-specific patterns
The average weekly sap velocity was significantly different across
sites (Fig. 5a; week; F = 16.8, P = 0.0003, site: F = 3.9, P = 0.03).
Although the overall volumetric flow rates were highest at the
beginning of the study in the mid-elevation site (Fig. 3), the
Ó 2017 The Authors
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Fig. 3 Average hourly volumetric sap flow
throughout the dry season (March and April
2016) and during a month of recovery
(May). (a) The average sap flow of all canopy
plants in the cloud forest site (CCT), (b) the
average sap flow in a middle elevation site
(just below the cloud base, LCC) and (c)
plants at the lowest elevation site (UGA).
Daily rainfall totals are depicted for CCT in
(d). Although rainfall events are probably
larger at CCT than at the other sites, the
patterns of rainfall will be similar. The shaded
bar represents four consecutive weeks with
little to no rainfall.

velocity was 33% higher in the highest elevation site in week 1
(Fig. 5a). There was a delay in the drought-related reduction in
sap flow (Fig. 5a) for the lowest and highest sites.
We also analyzed patterns of sap velocity within M. insignis, a
wide-ranging species that was common in both the mid-elevation
and lower elevation sites (Table 2). In the low-elevation site,
M. insignis expressed values of sap velocity more than two-fold
greater than those in the mid-elevation site, and these values
remained higher through the majority of the study (Fig. 5b).
ANCOVA results indicate a significant effect of site and week in the
analysis (week: F = 4.96, P = 0.03, site: F = 19.41, P = 0.0003).
In the high-elevation site, we documented the sap velocity of
different growth forms. We found clear differences in sap velocity
between shrub and non-shrub (woody and herbaceous) epiphytes
(F = 6.79, P = 0.01). Single-stemmed woody and herbaceous
species were grouped together as their patterns of sap flow were
Ó 2017 The Authors
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not statistically significantly different from one another (data not
shown). Schefflera rodrigueziana, a hemi-epiphyte, exhibited a statistically indistinguishable pattern of sap flow from the shrub,
Cavendishia capitulata. Individuals of this hemi-epiphyte were
less than a meter tall, and it was likely that these individuals had
not yet established contact with terrestrial soil. Given the similarity of sap flow patterns and size of the individuals, these two
shrub-like growth forms were grouped together. We found that
these shrubs exhibited a more profligate water use strategy than
single-stemmed plants. At the beginning of the study, rates of sap
velocity were more than two-fold greater than the rates of the single-stemmed species (Fig. 5c). These rates remained higher than
those of the single-stemmed species for all weeks in the study,
with the exception of the two driest weeks (Fig. 5c). In comparison, the single-stemmed species maintained low and consistent
sap velocity throughout the study (Fig. 5c).
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Fig. 4 Percentage of maximum volumetric weekly sap flow for all study
species and soil water content in (a) the cloud forest site (CCT, upper site),
(b) the mid-elevation site just below the cloud base (LCC, middle site) and
(c) the lower premontane rain forest site (UGA, lowest site). The shaded
bar represents four consecutive weeks with little to no rainfall. The inset
panels are linear regressions of the relationship between the percentage
maximum soil water content and the percentage maximum of sap flow in
each of the sites. The shaded bar represents four consecutive weeks with
little to no rainfall.

Microclimatic drivers of sap flow
The two most important microclimatic drivers of sap velocity for
each site are shown in Table 3 (the detailed analysis is shown in
Table S1). Tables S2–S7 show the output for the models
obtained by backward selection for each site. These models were
difficult to interpret in terms of the relative influence of each variable, because the relative importance of a particular environmental driver (i.e. VPD) is the combination of the main effect plus all
other effects that included that main effect (i.e. interactions,
quadratic terms, etc.). In order to compare the main effects
directly, we conducted an additional series of calculations
(Table S1). We calculated the instantaneous rate of change in
log10 sap velocity (the partial derivative) with respect to each
microclimatic driver. Then, we evaluated each derivative at the
average observed value for each microclimatic driver. This quantity gave us the instantaneous rate of change of log10 sap velocity
New Phytologist (2017)
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Fig. 5 Weekly sap velocity for (a) all study species across all sites, (b)
Macleania insignis, a common epiphytic shrub, in a middle elevation site
(LCC) and (c) the lowest elevation site (UGA) and between different
functional groups in the cloud forest. The shaded bar represents four
consecutive weeks with little to no rainfall. Error bars represent  SEM.

as a function of each microclimatic driver, when all microclimatic
drivers were at their observed average values. Table 3 (and
Table S1) indicates that, at the highest elevation site (CCT),
VPD and LWS exhibit the largest effects on sap velocity. In the
mid-elevation site (LCC), soil temperature and VWC show the
largest impacts on sap velocity (see Tables 3, S1, S3). In the lowest elevation site (UGA), average wind speed and VWC show the
largest influence on sap velocity (see Tables 3, S1, S4). In all sites,
there was a positive effect between the drivers and sap velocity.
The relative role of microclimatic drivers on sap velocity in
M. insignis at mid- and low-elevation sites differed. In the midelevation site, air temperature and VWC had the greatest effect
on sap velocity (see Tables 3, S1, S5). In the lowest elevation site,
sap flow in M. insignis was primarily influenced by the average
wind speed and VWC. All effects for these analyses had a positive
influence on sap velocity (see Tables 3, S1, S4).
In the high-elevation cloud forest site, the sap velocity of both
shrubs and single-stemmed plants (see definition of groups
above) were influenced primarily by VPD and VWC. All parameters had a positive effect on sap velocity (see Tables 3, S1, S4,
S6, S7).
Ó 2017 The Authors
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Table 3 Primary and secondary drivers of sap velocity as determined by
multiple mixed-effect regression analyses with backward selection and
additional analyses to account for the influence of main effects in
interactions and quadratic terms (Supporting Information Table S1)
Focal dataset for
multiple mixed-effect
regression analyses

Primary
driver

Secondary
driver

CCT
LCC
UGA (Macleania)
CCT–shrubs
CCT–single stemmed
LCC–Macleania

VPD (+)
Soil temp (+)
Wind (+)
VPD (+)
VPD (+)
Air temp. (+)

LWS (+)
VWC (+)
VWC (+)
VWC (+)
VWC (+)
VWC (+)

The focal datasets were as follows: cloud forest (CCT), upper premontane
rainforest (LCC), lower premontane rainforest (UGA), cloud forest-shrubs
only (CCT–shrubs), cloud forest-single stemmed species only (CCT–single
stemmed) and upper premontane rainforest-Macleania insignis only (LCC
–Macleania). As only Macleania insignis individuals were measured for
sap flow at UGA, this analysis is used in the site-level comparisons as well
as to examine differences in Macleania at different sites. The ‘primary
drivers’ were the microclimatic variables that were associated with the
highest instantaneous rate of change in log10 transformed sap flow velocity values when all drivers were held at their average observed values,
whereas the ‘secondary drivers’ had the second largest rates of change.
The output tables containing the scaled values for all significant effects in
each of the analyses can be found in Supporting Information. The symbol
listed after the driver indicates whether the associated rate of change of
sap velocity is positive or negative. VPD, vapor pressure deficit; VWC, volumetric soil water content; LWS, leaf wetness; Air temp., air temperature;
Wind, average wind speed; Soil temp., soil temperature.

Canopy water potential
Predawn and midday leaf water potentials were generally high
throughout the study period (Fig. 6a,b). Results of the twoway ANOVAs (one for predawn and one for midday) indicated that there were no significant effects of the month of
measurement in either analysis. By contrast, for midday values, there was a significant effect of the site and the interaction between the month of the measurement and the site
(ANOVA for site: F = 6.6, P = 0.0038; site 9 month: F = 4.5,
P = 0.0047), whereas, for predawn values, there was only a
significant effect of the interaction term (ANOVA: F = 9.5,
P < 0.0001). We also calculated the distance from TLP,
which was the difference between TLP and the average minimum leaf water potential for all species measured in each
time period. The distance from TLP decreased in all sites
between January (a relatively wet month) and March (middle
of the dry season) (Fig. 6). In CCT, the distance from TLP
ranged from  0.2 to  1.15 MPa, whereas the distance in
LCC and UGA was substantially larger ( 1.1 to  3.1 MPa,
Fig. 6c).
Pressure–volume curves
There was significant variation in TLP (ΨTLP) and the osmotic
potential at full saturation (Ψo) across sites (ΨTLP: F = 55.01,

Ó 2017 The Authors
New Phytologist Ó 2017 New Phytologist Trust

Fig. 6 (a) Predawn and (b) midday leaf water potential for the epiphyte
species included in this study. The first measurement in January was before
the dry season started, March was in the middle of the dry season and
April was at the end of the dry season. (c) The difference between the
minimum leaf water potential and the turgor loss point (TLP) for each of
these times across the sites. Error bars represent  SEM.

P < 0.0001; Ψo: F = 45.6, P < 0.0001). Average values decreased
from  1.67 MPa (ΨTLP) and  1.59 MPa (Ψo) in the highest
elevation site to  2.71 (ΨTLP) and  2.57 (Ψo) in the lowest
elevation site. In addition, there were significant decreases in
these parameters from the wet to the dry season (ΨTLP:
F = 167.8, P < 0.0001; Ψo: F = 205.1, P < 0.0001; Fig. 7). The
interaction term between the season and the site was also significant for both parameters (ΨTLP: F = 23.1, P < 0.0001; Ψo:
F = 205.1, P < 0.0001). The greatest decrease in ΨTLP and Ψo
occurred in the lowest elevation site followed by the middle elevation site (Fig. 7). Although the highest elevation site also experienced a significant shift in these parameters, the variation
within this site was greater and the average decrease was the lowest of the three sites (Fig. 7). We did not find significant differences in ΨTLP and Ψo of Macleania from the lower to midelevation sites (ANOVA effect of site, P = 0.35 for ΨTLP and
P = 0.55 for Ψo). However, there was a significant downward
shift in these parameters from the wet to dry season in both sites
(ANOVA effect of season, F = 216.8 and P < 0.0001 for ΨTLP
and F = 235.4 and P < 0.0001 for Ψo).
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The middle elevation site is nearest to the current cloud base;
there may be a greater difference in microclimate on either side
of this boundary than variation caused by elevation alone
(Lawton et al., 2001). Furthermore, there was greater variability
in relative humidity in the middle elevation site than in the other
two sites (Fig. 2d). Such variability may be caused by shifts in
microclimate when this site is within vs below the cloud layer. If
low-lying clouds are present, the upper site will consistently be
inundated, whereas the low site will be dry. The middle elevation
site therefore experiences a microclimate that is overall more similar to that of the lower elevation site, but occasionally receives
cloud moisture that is routine to the upper site.
Drought effects on water relations across sites

Fig. 7 The turgor loss point (gray bars) and the osmotic potential at full
turgor (black bars) across sites and seasons. The upper panel represents
plants from CCT (highest, cloud forest site), the middle panel represents
plants from LCC (middle elevation site) and the lowest panel represents
plants from UGA (lowest site). The error bars represent  SEM.

Discussion
In this study, we took advantage of an unprecedented dry season
influenced by an ENSO event to document variation in the
resilience of epiphyte communities in three ecotones in a tropical
montane region. This is the first study that we are aware of to
document variation in the water relations of epiphytes that live in
different microclimates in a TMCF region that also documents
the responses of these communities to extreme drought.
Microclimatic variation across sites
We found significant variation in all microclimatic variables
across the sites. This variation was undoubtedly caused by the
effect of elevation on cloud formation and other associated
changes in microclimate. The cloud forest site (highest elevation
in this study) was generally cooler, more humid and had a higher
soil water content and LWS than the lower sites (Fig. 2). The air
temperature and % max soil in the middle and lowest elevation
sites were closer to one another than between the upper two sites,
even though the middle and upper sites were in closer proximity.
New Phytologist (2017)
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Sap flow In all three sites, reduced rates of sap velocity and sap
flow occurred during the drought, although the extent of the
reduction, as well as the recovery, varied significantly across sites
(Figs 3, 4). Variation across sites is probably the result of variation in species-specific differences in the degree of osmotic adjustment of the plants (see section below, ‘Tissue water relations’)
across the sites, as well as differences in morphology. Volumetric
sap flow was lowest during the drought in the upper elevation
site, whereas the middle and lower elevation sites continued to
move sap at low levels throughout the drought (Fig. 3). When
the rainy season returned, plants in all sites experienced a recovery of sap flow and sap velocity, although the recovery was greater
in the lower elevation sites. Our sap flow measurements were performed on stems; we acknowledge that hydraulic segmentation at
the stem–leaf boundary may confer unique stem–leaf water use
behaviors in the same plants that could additionally influence the
relationship between stem hydraulic properties and environmental relations beyond that which was imposed by the drought.
In the upper and lower sites, we found significant relationships
between soil water and sap flow, whereas there was greater discord between these variables in the middle elevation site (Fig. 4).
In this mid-elevation site, the canopy community is dominated
by large shrubs, which contain thick lignotubers containing
stored water which probably serve to buffer these plants from
drought (Evans & Vander Kloet, 2010). Although the lower site
contains shrubs as well, they tend to be smaller in stature and
their lignotubers are also smaller (S. G. Gotsch, pers. obs.).
Tissue water relations Osmotic adjustment occurred for plants
in all sites during the dry season, and many of these shifts were
more substantial than those reported previously for epiphytes
(Griffiths et al., 1989; Smith, 1989; Martin, 1994; Stiles &
Martin, 1996; Nowak & Martin, 1997). The greatest shifts in Ψo
and ΨTLP were found in the plants inhabiting the lowest sites,
where both sap velocity and sap flow continued to be positive
throughout most of the drought. The dry season osmotic potentials for the epiphytic shrubs in the lowest site were among the
lowest ever measured in epiphytes (Zotz & Hietz, 2001; Martin
et al., 2004). The lower osmotic potentials detected in this study
may be a result of the different ecological niches occupied by our
study species. Most of the research to date on epiphytes has
Ó 2017 The Authors
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focused on bromeliads and smaller functional groups, such as
ferns and orchids, which have minimal, if any, rooting potential
in the mat. By contrast, many of the individuals in this study
were larger woody species with greater rooting potential and perhaps greater ability for osmotic adjustment. The species studied
here are all common taxa in the study sites, and the epiphytic
shrubs, in particular, comprise a substantial proportion of the
total biomass of the lower two sites and are also common in the
cloud forest site. These epiphytic shrubs and other large woody
species, although not as common in other rainforest ecosystems,
are common and abundant in TMCFs, and play important roles
in this ecosystem (A. Amici, unpublished data; Gotsch et al.,
2016). ΨTLP has been found to be an indicator of drought tolerance across a wide range of plants and ecosystems (Bartlett et al.,
2012). Such seasonal shifts in Ψo and ΨTLP conferred a greater
distance from ΨTLP in these sites and probably facilitated the
continued exchange of gases despite water limitation (Mulkey
et al., 1991; Ishida et al., 2010; Figs 6, 7). Even though plants in
the lowest site experienced the most severe drought conditions,
substantial osmotic adjustment allowed water uptake from dry
soils to continue (Fig. 4). Osmotic regulation was less substantial
in the mid-elevation site, which may have limited the ability of
plants to maintain levels of uptake during the drought.
Osmotic regulation may be an important adaptation for
epiphytes living in drier sites to enable continued water
uptake from canopy soils. The shift in these parameters
enabled plants to function further from ΨTLP in the lower
sites, providing protection from hydraulic failure (Brodribb &
Holbrook, 2003; Blackman et al., 2010; Fig. 7). In the cloud
forest site, plants function much closer to ΨTLP in both the
wet and dry seasons, despite the prolonged duration of the
drought (Fig. 6c). This may indicate limited plasticity in these
traits across sites. Species turnover across microclimatic gradients is high in epiphyte communities; rarely is a species found
over a wide range of elevations (Cardel
us et al., 2006; Ding
et al., 2016; E. Hollenbeck, unpublished data). Such a high
degree of specialization may make communities in cooler and
moister regions particularly vulnerable to projected changes in
climate.
Combining traits Although epiphyte communities are characterized by a high degree of species turnover across elevation gradients, there are some species that occupy wider ranges. Macleania
insignis, a common epiphytic shrub, for example, is one of a few
species that resides in both the lower and mid-elevation sites.
Macleania insignis had a higher sap velocity in the lowest site,
where the evaporative demand was greatest; however, these effects
diminished when plant size was taken into account. Furthermore,
we found significant seasonal shifts in ΨTLP or Ψo in both sites.
These results indicate that a shift in allocation patterns (e.g.
altered leaf area to sapwood area ratio) in M. insignis may allow
for a positive water balance to be maintained in a wide variety of
microclimatic conditions, and thereby confer colonization by this
species of a wider range of elevations than found in other species.
Lastly, we examined differences in sap velocity within the
cloud forest site, where we had the best representation of different
Ó 2017 The Authors
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functional groups. We found statistically significantly different
sap velocity rates between epiphytic shrubs and single-stemmed
epiphytes throughout the study (Fig. 5c). In general, shrubs
exhibited greater water use throughout most of the study and, on
average, exhibited lower rates of recovery when compared with
single-stemmed species. However, variation in rates between
individuals was high and the sample size was low, resulting in the
differences in recovery rates not being statistically significant. In
another study, we found that epiphytic shrubs exhibited higher
rates of photosynthesis than herbaceous species (S. G. Gotsch,
unpublished data). The extended drought may have depleted
these stores as many of these individuals did not return to predrought rates of sap flow after a week of substantial rainfall. We
suggest more focused work on this important functional group in
the future to better understand the effects of projected changes in
climate on the survival and performance of epiphytic shrubs.
Microclimatic drivers of sap flow
Some epiphytes are referred to as ‘atmospheric plants’ because
they are physically isolated from terrestrial soils, and ambient
atmospheric conditions have been shown to drive sap flow (Eller
et al., 2015; Berry et al., 2016; Darby et al., 2016). We also found
that atmospheric conditions, specifically VPD, were important
drivers of the physiological responses observed in this study.
However, to our knowledge, we are the first to demonstrate the
importance of canopy soil in also driving the dynamics of sap
velocity in this important community. In the cloud forest, extensive canopy mats can form of decomposing organic material and
deposited dust, which are held together by a tight lattice of
canopy roots (Nadkarni, 1984). Such canopy mats can be 50 cm
in depth, extend the length of the branch and provide a substantial water supply (Nadkarni, 1984). This water supply was
important (together with VPD) in influencing (driving) patterns
of dry season sap velocity in the cloud forest when singlestemmed and shrubby species were evaluated separately
(Table 3). VWC is also an important driver in the mid-elevation
site and even in the lowest elevation site where canopy mats are
smaller and discontinuous. The epiphytes in this site are shrubs
(M. insignis) that are overall smaller and have smaller storage
organs (lignotubers) than their counterparts in the mid-elevation
site (S. G. Gotsch, pers. obs.). As a result, the small supply of
water in the mats becomes an important predictor of sap velocity.
In the lowest elevation site, average wind speed was the primary driver of sap velocity. The average within-canopy wind
speed in this site was often over 2 m s1 and gusts were often
twice that (S. G. Gotsch, unpublished data); wind speed is
known to have an important influence on rates of evapotranspiration (ET; Campbell & Normal, 2000) and probably influenced
ET at this site. In the mid-elevation site, soil temperature and
VWC are the primary drivers of sap velocity. This site has the
highest overall epiphytic biomass of the three sites and shrubs
comprise a substantial component of the epiphytic biomass (A.
Amici, unpublished data). These large individuals may be particularly dependent on canopy soil conditions (Fig. 4b). We
acknowledge that microclimatic niches may vary greatly within
New Phytologist (2017)
www.newphytologist.com

New
Phytologist

12 Research

the canopies in which this study took place. We limited our measurements to the inner crown to try to minimize differences in
microclimate experienced by our study individuals, but this could
also play a role in the variation in water use detected within and
across sites.
Implications in an increasingly variable climate
Changes in rainfall patterns are likely to affect the ability of
epiphytes to refill water stores and withstand drought. In the
Monteverde region, precipitation has been measured continuously over the last 45 years, allowing for the analysis of relatively
long-term patterns of rainfall. On average, annual rainfall has
been increasing, but the variability from year to year has been
increasing as well (Pounds et al., 1999; A. Pounds, unpublished
data). Simultaneously, together with an increase in average
rainfall, the number of dry periods has been increasing and is
projected to increase in the future (Pounds et al., 1999; Still et al.,
1999; Lawton et al., 2001; A. Pounds, unpublished data). Rain is
likely to fall in large storms more often now than in the recent
past; these shifts will probably have a substantial effect on many
epiphytes. As epiphyte mats occupy a small area relative to terrestrial soil water stores, these mats will probably reach saturation
quickly during a storm, but stored water will also be lost quickly
during dry periods. Consistent inputs of water from light rain,
mist and cloud immersion would maintain high soil water content of canopy epiphyte mats. Although there are periods with
such favorable conditions, they are projected to decrease as rainfall patterns change and cloud base heights increase (Pounds
et al., 1999; Still et al., 1999; Ray et al., 2006; A. Pounds, pers.
comm.). Epiphytic shrubs in the cloud forest utilize foliar water
uptake to offset water loss (Gotsch et al., 2015). This functional
group may be particularly vulnerable to changes in climate, given
the projected increases in drought, temperature and cloud base
heights (Still et al., 1999; Pounds et al., 2006; Ray et al., 2006;
Karmalkar et al., 2008; A. Pounds, unpublished data). Herbaceous epiphytes, such as those studied here, as well as epiphytes
with more specialized water storage mechanisms (i.e. a greater
degree of leaf/stem succulence, CAM photosynthesis, water
tanks, etc.) are likely to be less affected than epiphytic shrubs by
projected changes in climate, because of a greater ability to regulate gas exchange and store water. A shift in the cloud forest epiphyte community as a result of the loss of shrubs is likely to have
a significant effect on many processes in the TMCF because of
the prevalence of this functional group in the canopy and the
many other species that rely on epiphytic shrubs for food
resources and habitat (Gotsch et al., 2016).
Conclusions
Vascular epiphytes in TMCFs provide important ecosystem services, including substantial leaf area, and food and habitat
resources for many species of invertebrates, birds and mammals
(Gotsch et al., 2016). Therefore, marked changes and, particularly, the loss of this component of the plant community are
likely to have important impacts not only on the overall ecology,
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but also on water and nutrient cycling in these already vulnerable
ecosystems. Epiphytes in our cloud forest site may be vulnerable
to increases in temperature and drought. These plants experienced a slower recovery of sap flow following a severe drought
than plants from lower elevations. Within the cloud forest site,
shrubs exhibited a more profligate water use strategy than smaller
single-stemmed woody species and herbaceous plants, even
though all plants were exposed to nearly a month without precipitation. This functional group may be more sensitive to hydraulic
failure if exposed to increasingly severe dry seasons. Although epiphytes have been assumed to be vulnerable to projected changes
in climate, this is the first study that we are aware of to provide
evidence for a mechanism that can explain the sensitivity of this
community to drought. Future research is needed to determine
feedbacks between changes in epiphyte community composition
and the physiology of their host trees, as well as stand-level water
and nutrient cycling.

Acknowledgements
The authors thank Alexander Darby, Andrew Glunk, Keylor
Mu~
noz and Jessica Murray for the collection of data and the
maintenance of sap flow stations. Keylor Mu~
noz is pictured in
Fig. 1. We thank the Curi Cancha Reserve, the Monteverde
Reserve and the University of Georgia field station for permission
to conduct this research and for logistical support. We thank
Willow Zuchowski, William Haber and Armando Estrada for
help in the identification of species. We thank Cameron Williams, Autumn Amici, Nalini Nadkarni and four anonymous
reviewers for providing valuable feedback on the manuscript. We
acknowledge funding from the Franklin and Marshall College
and the National Science Foundation (PI: S.G.G., IOS Award
#1556289).

Author contributions
S.G.G. and T.E.D. developed the ideas that resulted in this
work. S.G.G. participated in and oversaw the collection of
all data, conducted data analyses on sap flow, canopy water
potential and pressure–volume curves, and wrote the
manuscript. D.D. conducted the multiple mixed-effect regression analyses and contributed to text relating to these analyses. All authors edited the manuscript and gave feedback on
the presentation of data.

References
Ambrose AR, Sillett SC, Dawson TE. 2009. Effects of tree height on branch
hydraulics, leaf structure and gas exchange in California redwoods. Plant, Cell
& Environment 32: 743–757.
Ambrose AR, Sillett SC, Koch GW, Van Pelt R, Antoine ME, Dawson TE.
2010. Effects of height on treetop transpiration and stomatal conductance in
coast redwood (Sequoia sempervirens). Tree Physiology 30: 1260–1272.
Bartlett MK, Scoffoni C, Sack L. 2012. The determinants of leaf turgor loss
point and prediction of drought tolerance of species and biomes: a global metaanalysis. Ecology Letters 15: 393–405.
Benzing D. 1990. Vascular epiphytes. Cambridge, UK: Cambridge University
Press.
Ó 2017 The Authors
New Phytologist Ó 2017 New Phytologist Trust

New
Phytologist
Berry ZC, Gotsch SG, Holwerda F, Mu~
noz-Villers LE, Dawson T,
Asbjornsen H. 2016. Slope position influences vegetation atmosphere
interactions in a tropical montane cloud forest. Agricultural and Forest
Meteorology 21: 207–218.
Blackman CJ, Brodribb TJ, Jordan GI. 2010. Leaf hydraulic vulnerability is
related to conduit dimensions and drought resistance across a diverse range of
woody angiosperms. New Phytologist 188: 1113–1123.
Brodribb TJ, Holbrook NM. 2003. Stomatal closure during leaf dehydration,
correlation with other leaf physiological traits. Plant Physiology 132: 2166–
2173.
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 forests 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. Tropical 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, UK:
Cambridge University Press, 691–740.
Bruijnzeel LA, Mulligan M, Scatena FN. 2011. Hydrometeorology of tropical
montane cloud forests: emerging patterns. Hydrological Process 25: 465–498.
Burgess SSO, Adams MA, Turner NC, Beverly CR, Ong CK, Khan AAH,
Bleby TM. 2001. An improved heat pulse method to measure low and reverse
rates of sap flow in woody plants. Tree Physiology 21: 589–598.
Campbell GS, Norman JM. 2000. An introduction to environmental biophysics,
2nd edn. New York, NY, USA: Springer.
Cardel
us C, Colwell RK, Watkins JE Jr. 2006. Vascular epiphyte distribution
patterns: explaining the mid-elevation richness peak. Journal of Ecology 94: 144.
Clearwater MJ, Luo ZW, Mazzeo M, Dichio B. 2009. An external heat pulse
method for measurement of sap flow through fruit pedicels, leaf petioles
and other small-diameter stems. Plant, Cell & Environment 32: 1652–1663.
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.
Ding Y, Guangfu L, Zang R, Zhang J, Xinghui L, Huang J. 2016. Distribution
of vascular epiphytes along a tropical elevation gradient: disentangling abiotic
and biotic determinants. Scientific Reports 6: 19706.
Eller CE, Burgess SSO, Oliveira RS. 2015. Environmental controls in the water
use patterns of a tropical cloud forest tree species, Drimys brasiliensis
(Winteraceae). Tree Physiology 35: 387–399.
Evans RC, Vander Kloet SP. 2010. Comparative analysis of hypocotyl
development in epiphytic, lignotuber-forming, and terrestrial Vaccinieae
(Ericaceae). Botany-Botanique 88: 556–564.
Flenley JR. 1995. Cloud forest, the Massenerhebung effect, and ultraviolet
insolation. In: Hamilton LS, Juvik JO, Scatena FN, eds. Tropical montane cloud
forests. New York, NY, USA: Springer-Verlag, 150–155.
Gotsch SG, Asbjornsen H, Holwerda F, Goldsmith G, Weintraub A, Dawson
T. 2014. Foggy days and dry nights determine crown-level water balance in a
seasonal tropical montane cloud forest. Plant, Cell & Environment 37: 261–
272.
Gotsch SG, Nadkarni N, Amici A. 2016. The functional significance of epiphytes
and arboreal soils in tropical montane cloud forests. Journal of Tropical Ecology
32: 455–468.
Gotsch SG, Nadkarni NM, Darby A, Dix M, Davidson K, Dawson TE. 2015.
Life in the treetops: ecophysiological strategies of canopy epiphytes in a tropical
montane cloud forest. Ecological Monographs 85: 393–412.
Griffiths H, Smith JAC, Luttge U, Popp M, Cram WJ, Diaz M, Lee HSJ,
Medina E, Schafer C, Stimmel K-H. 1989. Ecophysiology of xerophytic and
halophytic vegetation of a coastal alluvial plain in northern Venezuela. IV.
Tillandsia flexuosa Sw. and Schomburgkia humboldtiana Reichb., epiphytic
CAM plants. New Phytologist 111: 273–282.
Haber WA. 2000. Appendix 2. In: Nadkarni NM, Wheelwright NT, eds.
Monteverde: ecology and conservation of tropical cloud forest. New York, NY,
USA: Oxford University Press.
Hofstede R, Wolf J, Benzing D, Ofstede R, Wolf J, Benzing D. 1993. Epiphytic
biomass and nutrient status of a Colombian upper montane rain forest.
Selbyana 14: 37–45.
Ó 2017 The Authors
New Phytologist Ó 2017 New Phytologist Trust

Research 13
Ishida A, Harayama H, Yazaki K, Ladpala P, Sasrisang A, Kaewpakasit K,
Panuthai S, Staporn D, Maeda T, Gamo M et al. 2010. Seasonal variations of
gas exchange and water relations in deciduous and evergreen trees in
monsoonal dry forests of Thailand. Tree Physiology 30: 935–945.
Jarvis A, Mulligan M. 2010. The climate of cloud forests. In: Bruijnzeel LA,
Scatena FN, Hamilton LS, eds. Tropical montane cloud forests. Science for
conservation and management. Cambridge, UK: Cambridge University Press,
691–740.
Karmalkar RSBAV, Bradley RS, Diaz HF. 2008. Climate change scenario for
Costa Rican montane forests. Geophysical Research Letters 35: L11702.
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.
Lenz TI, Wright IJ, Westoby M. 2006. Interrelations among pressure–volume
curve traits across species and water availability gradients. Physiologia Plantarum
127: 423–433.
Martin CE. 1994. Physiological ecology of the Bromeliaceae. Botanical Review
60: 1–82.
Martin CE, Lin TC, Lin KC, Hsu CC, Chiou W. 2004. Causes and
consequences of high osmotic potentials in epiphytic higher plants. Journal of
Plant Physiology 161: 1119–1124.
Mulkey SS, Wright SJ, Smith AP. 1991. Drought acclimation of an understory
shrub (Psychotria limonensis; Rubiaceae) in a seasonally dry tropical forest in
Panama. American Journal of Botany 78: 579–587.
Mu~
noz-Villers LE. 2008. Efecto del cambio en el uso de suelo sobre la dina mica
hidrolo gica y calidad de agua en el tro pico h
u medo del centro de Veracruz, Me xico.
PhD thesis, Autonomous University of Mexico, Mexico City, Mexico.
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, Matelson TJ. 1992. Biomass and nutrient dynamics of epiphyte
litterfall in a neotropical cloud forest, Costa Rica. Biotropica 24: 24–30.
Nadkarni NM, Solano R. 2002. Potential effects of climate change on canopy
communities in a tropical cloud forest – an experimental approach. Oecologia
131: 580–584.
Niinemets U. 2001. Global-scale climatic controls of leaf dry mass per area,
density, and thickness in trees and shrubs. Ecology 82: 453–469.
Nowak EJ, Martin CE. 1997. Physiological and anatomical responses to water
deficits in the CAM epiphyte Tillandsia ionantha (Bromeliaceae). International
Journal of Plant Sciences 158: 818–826.
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 extinctions from epidemic disease driven by global
warming. Nature 439: 161–167.
Pounds JA, Fogden MPL, Campbell JH. 1999. Biological response to climate
change on a tropical mountain. Nature 398: 611–615.
Pounds JA, Masters KL. 2017. Sobrevivencia de especies bajo una nube:
mas precipitacion pero mas sequıa en un bosque nuboso tropical.
Mesoamericana: Res
u menes del XXI Congreso de la Sociedad Mesoamericana
para a Biologı a y la Conservacio n, 30 de octubre a 3 de noviembre, 2017,
San Jose, Costa Rica.
Ray DK, Nair US, Lawton RO, Welch RM, Pielke RA Sr. 2006. Impact of land
use on Costa Rican tropical montane cloud forests: sensitivity of orographic
cloud formation to deforestation in the plains. Journal of Geophysical Research
111: D02108.
Sack L, Pasquet-Kok J, Nicotra A. 2011. Protocols in ecological and environmental
plant physiology: leaf pressure–volume curve parameters. Clayton, Vic, Australia:
CSIRO Publishers. [WWW document] URL http://prometheuswiki.publish.c
siro.au/tiki-index.php?page.Leaf.pressure-volume.curve.parameters#sthashZe
IoDrIv.dpuf [accessed 15 June 2017].
Smith JAC. 1989. Epiphytic bromeliads. In: Luttge U, ed. Vascular plants as
epiphytes. Evolution and ecophysiology. Berlin, Germany: Springer, 109–138.
Stanton DE, Cha vez JH, Villegas L, Villasante F, Armesto J, Hedin LO, Horn
H. 2014. Epiphytes improve host plant water use by microenvironment
modification. Functional Ecology 28: 1274–1283.
New Phytologist (2017)
www.newphytologist.com

14 Research
Starr JL, Paltineanu IC. 2002. Methods for measurement of soil water content:
capacitance devices. In: Dane JH, Topp GC, eds. Methods of soil analysis: Part 4
Physical methods. Madison, WI, USA: Soil Science Society of America Inc.,
463–474.
Stiles KC, Martin CE. 1996. Effects of drought stress on CO2 exchange and
water relations in the CAM epiphyte Tillandsia utriculata (Bromeliaceae).
Journal of Plant Physiology 149: 721–728.
Still CJ, Foster PN, Schneider H. 1999. Simulating the effects of climate change
on tropical montane cloud forests. Nature 398: 608–610.
Stuntz S, Simon U, Zotz G. 2002. Rainforest air-conditioning: the moderating
influence of epiphytes on the microclimate in tropical tree crowns. International
Journal of Biometeorology 46: 53–59.
Tobon C, Bruijnzeel LA, Frumau KFA, Calvo-Alvarado JC. 2010. Changes in
soil physical properties alter conversion of tropical montane cloud forest to
pasture in northern Costa Rica. In: Bruijnzeel LA, Scatena FN, Hamilton LS,
eds. Tropical montane cloud forests. Science for conservation and management.
Cambridge, UK: Cambridge University Press, 502–515.
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 montane cloud forests. Science for conservation and management.
Cambridge, UK: Cambridge University Press, 671–685.
Zadroga F. 1981. The hydrological importance of a montane cloud forest area of
Costa Rica. In: Lal R, Russell EW, eds. Tropical agricultural hydrology. New
York, NY, USA: John Wiley and Sons, 59–73.
Zotz G, Hietz P. 2001. The physiological ecology of vascular epiphytes: current
knowledge, open questions. Journal of Experimental Botany 52: 2067–2078.
Zotz G, Winter K. 1994. A one-year study on carbon, water and nutrient
relationships in a tropical C3-CAM hemi-epiphyte. New Phytologist 127: 45–60.

Supporting Information

New
Phytologist
Fig. S2 Box plots of volumetric sap flow throughout the study
period.
Table S1 A summary of the estimated rates of change in sap
velocity in all sites with respect to each of the microclimatic variables
Table S2 A summary of the effects of microclimate on sap velocity in CCT using mixed-model regressions and backward selection
Table S3 A summary of the effects of microclimate on sap velocity in LCC using mixed-model regressions and backward selection
Table S4 A summary of the effects of microclimate on sap velocity in UGA (Macleania insignis only) using mixed-model regressions and backward selection
Table S5 A summary of the effects of microclimate on sap velocity for Macleania insignis, an epiphytic shrub, in LCC using
mixed-model regressions and backward selection
Table S6 A summary of the effects of microclimate on sap velocity for shrub species in CCT using mixed-model regressions and
backward selection

Additional Supporting Information may be found online in the
Supporting Information tab for this article:

Table S7 A summary of the effects of microclimate on sap velocity for single-stemmed species in CCT using mixed-model regressions and backward selection

Fig. S1 The percentage of the maximum rate of volumetric sap
flow across all sites, of Macleania insignis, a common epiphytic
shrub, in a middle elevation site (LCC) and the lowest elevation
site (UGA) and between different functional groups in the cloud
forest.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2017)
www.newphytologist.com

Ó 2017 The Authors
New Phytologist Ó 2017 New Phytologist Trust

