
Abstract Epiphytes are often assumed to influence the
microclimatic conditions of the tree crowns that they in-
habit. In order to quantify this notion, we measured the
parameters “temperature” (of the substrate surface and
the boundary layer of air above it), “evaporative drying
rate” and “evapotranspiration” at various locations with-
in tree crowns with differing epiphyte assemblages. The
host tree species was Annona glabra, which was either
populated by one of three epiphyte species (Dimerandra
emarginata, Tillandsia fasciculata, or Vriesea sanguino-
lenta) or was epiphyte-free. We found that during the
hottest and driest time of day, microsites in the immedi-
ate proximity of epiphytes had significantly lower tem-
peratures than epiphyte-bare locations within the same
tree crown, even though the latter were also shaded by
host tree foliage or branches. Moreover, water loss
through evaporative drying at microsites adjacent to epi-
phytes was almost 20% lower than at exposed micro-
sites. We also found that, over the course of several
weeks, the evapotranspiration in tree crowns bearing epi-
phytes was significantly lower than in trees without epi-
phytes. Although the influence of epiphytes on tempera-
ture extremes and evaporation rates is relatively subtle,
their mitigating effect could be of importance for small
animals like arthropods inhabiting an environment as
harsh and extreme as the tropical forest canopy.
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Introduction

The tropical forest canopy is the home of a multitude 
of plant and animal species and probably harbors the
greatest portion of global biodiversity, providing living
space for some tens of millions of arthropod species 
(Erwin 1983, 1990). Survival conditions in tree crowns
are diverse and sometimes similar to those on the ground
(Benzing 1990; Freiberg 1997). However, the climate of
the upper canopy is also often extremely harsh and the
fluctuations of environmental parameters are substantial
(Buckley et al. 1980; Nadkarni and Longino 1990; Tobin
1995; Freiberg 1997, 2001). Sudden changes in tempera-
ture and relative humidity are typical and are mainly due
to the lack of climatic buffering of an absorptive soil 
beneath and reduced shade by tree crowns overhead.

It is well established that canopy-dwelling flora, espe-
cially in the uppermost strata of forests, has adapted in
manifold and elaborate ways to overcome these ecocli-
matic constraints (Benzing 1990). Less is known about
such adaptations of the arboreal fauna: researchers still
struggle to cope with the baffling biotic diversity of trop-
ical canopy arthropods (Erwin 1983; Wilson 1986; Stork
1991; Floren and Linsenmair 1997). The primary focus
is on counting the species (Leigh 1999), and little has
been done to unravel details of the biology of particular
taxa, let alone their responses and adaptations to canopy
climate. However – although experimental evidence is
rare – a number of studies have attributed distribution
patterns of arthropods in tropical forests to microclimatic
parameters (Nicolai 1986; Nadkarni and Longino 1990;
Kaspari 1993; Didham et al. 1998; Rodgers and Kitching
1998). For small animals like most arthropods, microcli-
matic conditions in their environment can be extremely
limiting factors, e.g. they can restrain their behavior and
distribution to niches in which desiccation and overheat-
ing can be avoided.

In this context, epiphytes may be of considerable eco-
logical importance. They are assumed to exert a moder-
ating influence on climatic conditions in the canopy
(Benzing 1990). Freiberg (1997) comprehensively mea-
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sured climatic parameters in a tree top, and found that,
on branches surrounded by humus mats and non-vascu-
lar epiphytes (mosses), the climatic gradients were sub-
stantially mitigated. He also showed that temperatures
during midday hours increased after the epiphyte mats
had been removed from the branches (Freiberg 2001).
However, we are not aware of any study in which 
climatic parameters in the direct proximity of vascular
epiphytes have been compared to those of simulta-
neously measured, epiphyte-free sites within the same
tree crown. Moreover, we intended to clarify whether 
a mitigating influence is exerted by epiphytes growing
on bare bark without a thick layer of organic matter
(“canopy soil”). In this paper we suggest answers to the
questions (1) how strongly do epiphytes moderate 
climatic extremes in tree crowns? And (2) are there 
species-specific differences between epiphytes in this
context? In order to address these questions, we investi-
gated the parameters temperature, evaporative drying
rate and evapotranspiration at different microsites within
tree crowns as well as among several tree crowns with
different epiphyte assemblages.

Materials and methods

Study site

The study was conducted in the Barro Colorado National Monu-
ment (BCNM, 9°10′N, 79°51′W) in Panama. The vegetation of
this biological reserve has been classified as tropical moist forest
(Holdridge et al. 1971) and receives approximately 2,600 mm an-
nual rainfall. The movement of the intertropical convergence zone
(Lauer 1989) causes a quite severe dry season from late December
to April, during which only about 8% of the yearly precipitation
occurs (Windsor 1990). Detailed descriptions of the climate, vege-
tation and ecology can be found in Croat (1978), Leigh (1999) and
Windsor (1990).

Microclimatic measurements

We measured microclimatic parameters in the late dry season of
1999. It has been shown that “extreme” climatic events are most
important to life in the canopy (Buckley et al. 1980; Freiberg
1997). In order to obtain data from situations as extreme as possi-
ble, we took measurements exclusively on bright and cloudless
days during midday hours (11:00 a.m. to 2:00 p.m.), the hottest
and driest times of the day (Windsor 1990; Leigh 1999; Freiberg
2001). We classified four different categories of the host tree An-
nona glabra L., allowing us to compare (1) epiphyte-free trees
with those hosting epiphytes, as well as (2) those with epiphytes
that differed from tree to tree: one control group of trees without
epiphytes, a group of trees dominated by the large tank bromeliad
Vriesea sanguinolenta Cogn. & Marchal (Fig. 1), one dominated
by the smaller bromeliad Tillandsia fasciculata Sw. var. fascicu-
lata, and another tree group bearing populations of the orchid Di-
merandra emarginata (G. Meyer) Hoehne. Species names follow
D’Arcy (1987). In the following, we will address these epiphyte
species only by their genus names. For a more detailed description
of the epiphytes see Stuntz et al. (1999). Statistical analysis was
done with STATISTICA 5.0 (StatSoft Inc., Oklahoma, USA). 

Temperature

Temperature was measured with a thermocouple sensor attached
to a control unit (TH 65, Wescor, Logan, USA). We took ten series
of temperature measurements at different locations within a tree
crown. In epiphyte trees, each series included four different micro-
sites in the vicinity of an epiphyte (Fig. 1): (1) on exposed bark on
the upper side of a branch, (2) on the underside of the same
branch, (3) on substrate adjacent to an epiphyte, i.e. on the outside
of a bromeliad rosette or an orchid stand and (4) inside the epi-
phyte (i.e. between the leaves of a bromeliad rosette or the stems
of an orchid stand). All microsites, except the first, were usually
shaded either by the branch or the respective epiphyte. For con-
trol, we measured the temperature at microsites 1 and 2 in epi-
phyte-free trees. When necessary, we shaded the sensor tip during
the measurements to avoid heating by direct insolation. At each
microsite, we measured both surface temperature and the tempera-
ture of the boundary layer, which we defined as the air tempera-
ture 1 mm above the respective branch or epiphyte surface.
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Fig. 1 A branch of Annona
glabra carrying a large speci-
men of Vriesea sanguinolenta.
The four microsites for the
temperature measurements 
are indicated with encircled
numbers: 1 branch top side, 
2 branch underside, 3 adjacent
to epiphyte, 4 inside epiphyte



In each tree crown, we computed the mean values of the ten
measuring series for further evaluation. We obtained measure-
ments for 20 trees in total, i.e. five replicates of each of the four
tree categories.

Evaporative drying rate

This term was introduced by Didham (1999), who designed a field
device consisting of a water-filled test-tube with a 1-mm volume
scale. A filter-paper wick of standardized size was put into the
tubes to increase surface area and thus speed up evaporation. This
simple but effective apparatus is illustrated and described in detail
in Didham (1999). The rate of water loss is expressed as milliliters
per hour and is a combination of the effects of air temperature, rel-
ative humidity and wind speed. The measurements were taken in
the same tree crowns and at the same time as the temperature mea-
surements described above. We suspended eight measuring tubes
in each tree crown from branches, four at sites far from epiphytes,
and four in direct proximity to epiphytes (except in the control
trees free of epiphytes, where we fixed four tubes at random sites
on the branches). The tubes were installed at around 11:00 a.m.
and remained in the tree crown for 3 h, thus covering the most ex-
treme hours around noon (Freiberg 2001). The water level inside
the tubes was recorded every 30 min. After the final reading, the
tubes were collected and returned to the laboratory. For data eval-
uation, we used the mean values of, respectively, the four exposed
sites and the four sites near epiphytes within a tree crown.

Evapotranspiration

In order to compare tree crowns with different epiphyte assem-
blages among each other, we measured evapotranspiration with
four evapotranspiration gages (ETgage Company, Loveland, Colo.
80537, USA) in the tops of several Annona tree crowns. These
modified atmometers are illustrated and described in Zotz and
Thomas (1999). They yield absolute rates very similar to those 
determined with evaporation pans (S. Paton, STRI, unpublished
data). At the beginning of a measuring period, we placed the 
evapotranspiration gages in the approximate crown centers of four
trees, each of a different category, but at a comparable location.
After 7 days, the gages were moved to the next four tree crowns at
a different location. Measurements were obtained during 9 weeks,
thus yielding data from 36 tree crowns. In contrast to the measure-

ments of temperature and evaporative drying rate, these were not
instantaneous measurements during the midday hours of hot and
sunny days only, but instead were integral recordings over the
course of entire weeks.

Results

Temperature

Gradients within tree crowns

Table 1 shows the results of the temperature measure-
ments. A two-way analysis of variance (ANOVA) re-
vealed that both the tree category and the microsite within
the tree crown had a significant influence on temperature
(two-way ANOVA, P<0.001 for both factors) and that
there was no interaction between these factors (P=0.22).
The tree categories differ from each other in that the tem-
peratures next to and inside epiphytes in the Dimerandra
category are on average higher than in the Tillandsia or
Vriesea category (factor 1 of the two-way ANOVA; post-
hoc LSD-test, P<0.001). The latter two categories were 
almost identical in their thermal properties (LSD-test,
P=0.93). The second factor, the microsite within the tree
crown (Fig. 1), also influenced temperatures significantly:
there was a strong gradient, temperatures being highest 
at the top of a branch, intermediate on its underside and
lowest at microsites near or inside epiphytes. In all trees,
throughout all categories, the temperature of the exposed
upper side of a branch was significantly higher than at the
epiphyte-associated microsites (LSD-test, P<0.001). The
temperature of the shaded branch underside was inter-
mediate: it was significantly lower than that of the top side
of the branch (LSD-test, P<0.001) and – although this was
not the case when we considered Dimerandra trees sepa-
rately (see below) – significantly higher than that of the
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Table 1 Temperatures at different locations (see Fig. 1) within
several tree crowns. Given are means and SD of temperatures at
the four microsites and differences between hottest and coolest

microsites (n=5 for each category; n=15 for all epiphyte trees),
and significance levels of analysis of variance

Tree category Branch top side Branch underside Next to epiphyte Inside epiphyte Difference P
(°C) (°C) (°C) (°C) (max–min) (°C)

Mean SD Mean SD Mean SD Mean SD Mean SD

Surface
Control trees 33.7* 0.6 31.6** 0.9 – – – – 1.8 0.6 <0.001a

Trees with Dimerandra 33.7* 1.0 31.4** 0.5 31.0** 0.6 30.8** 0.8 2.9 0.9 <0.001
Trees with Tillandsia 33.0* 1.0 31.2** 0.6 29.3*** 0.7 29.4*** 0.8 3.9 0.8 <0.001
Trees with Vriesea 33.3* 1.2 31.2** 1.1 29.3*** 0.8 29.0*** 0.9 4.3 0.8 <0.001
All epiphyte trees 33.3* 1.0 31.2** 0.7 29.9*** 1.0 29.7*** 1.1 3.7 1.0 <0.001

Boundary layer
Control trees 32.1* 0.7 31.1** 0.7 – – – – 0.7 0.3 0.003a

Trees with Dimerandra 32.7* 0.8 31.5** 0.7 31.5** 0.3 31.3** 0.7 1.5 0.7 0.017
Trees with Tillandsia 32.0* 0.8 31.4** 0.7 30.4*** 0.6 30.0*** 0.5 1.9 0.6 <0.001
Trees with Vriesea 32.1* 0.9 31.2* 0.8 30.3** 1.0 30.0** 0.9 2.1 0.5 0.011
All epiphyte trees 32.2* 0.8 31.4** 0.7 30.8*** 0.9 30.4*** 0.9 1.8 0.6 <0.001

*–***Significant differences between microsites (post-hoc LSD-test; P<0.05)
a t-test for dependent samples



microsites next to or within epiphytes (LSD-test,
P<0.001). With similar results across all study trees, we
never found a significant difference between the tempera-
ture next to an epiphyte and the temperature inside it (mi-
crosites 3 and 4 in Fig. 1; LSD test, P=0.66). As expected,
the temperature gradients of the irradiation-absorbing sur-
faces were steeper and the differences between microsites
larger than the respective gradients and differences in
boundary-layer temperatures. However, the statistical re-
sults were similar (Table 1). 

When considering the tree categories separately (with
a one-way ANOVA), we found that only in the brome-
liad trees was the surface at the shaded branch underside
significantly warmer than the substrate close to or inside
an epiphyte (LSD-test, P<0.01). In trees with Dimer-
andra, however, the temperatures of the branch under-
side did not differ from the temperatures near or within
an orchid stand (LSD test, P>0.05). As for boundary-
layer temperatures, the trends were similar, but the only
significant difference between the branch underside 
and microsites near epiphytes was found in trees with
Tillandsia (LSD test, P<0.05).

Comparison with control trees

The highest temperatures, which were invariably mea-
sured on the upper side of the branch, were not signifi-
cantly different among categories [surface: 33.4 °C 
(SD 1.0); boundary layer: 32.2 °C (SD 0.8); ANOVA,
P>0.5] (Table 1). As expected, there was a significant
difference in the temperatures of the coolest microsite
among the trees (ANOVA, P<0.02). However, control
trees and trees with the orchid Dimerandra did not differ
significantly from each other. Nor was there a difference
between trees with Vriesea and trees with Tillandsia
(LSD test, P>0.1), the significant difference being be-
tween the first and the latter pair of tree categories (LSD
test, P<0.05). The coolest microsite in control trees and
in trees with Dimerandra had mean surface temperatures
of, respectively, 31.6 °C (SD 0.4) and 30.8 °C (SD 0.7),
while the lowest temperatures in trees with Tillandsia or
Vriesea were 29.1 °C (SD 0.7) and 29.0 °C (SD 0.9).

The mean surface temperature difference between the
hottest and coolest microsite in the tree crowns without

epiphytes was only 1.8 °C (SD 0.6), compared to 3.7 °C
(SD 1.0) in tree crowns with epiphytes (Table 1). In the
boundary layer, this difference was 0.7 °C (SD 0.6) in
control trees and 1.8 °C (SD 0.6) in trees with epiphytes.
The maximum measured difference was found in a tree
with Tillandsia: the site next to the bromeliads was
8.1 °C cooler than the exposed upper side of the branch.

Evaporative drying rate

The evaporative drying rate (expressed as water loss in
milliliters per hour) was significantly higher at exposed
sites within a tree crown than at sites in the direct prox-
imity of epiphytes (Table 2; t-test for dependent samples,
P<0.05). On average, epiphytes caused the water loss 
in their immediate surrounding to be almost 20% lower
than that in the exposed locations in the same tree crown.
The evaporative drying rate in the epiphyte-free trees 
of the control group was not different from the rate 
of similarly exposed sites in study trees with epiphytes
(ANOVA, P>0.5). In contrast to the temperature data,
there were no differences in the water loss rates of epi-
phyte-associated microsites when the three different tree/
epiphyte categories were compared (ANOVA, P>0.5).

Evapotranspiration

In contrast to the data presented above (Table 2), evapo-
transpiration was measured only in the crown center (for
logistic reasons), allowing comparisons among the four
tree categories. Similar to data of Zotz and Thomas
(1999), evaporation in trees without epiphytes was 
approximately 70% of that measured above the canopy
(averaging 4 mm day–1, compare Windsor 1990). In trees
with epiphytes we observed significantly lower evapo-
ration rates than in epiphyte-free controls (ANOVA,
P<0.03). Although there seemed to be a trend of decreas-
ing evapotranspiration from trees with Dimerandra to
trees with Tillandsia, being lowest in trees with Vriesea,
these differences were not significant (LSD-test, P>0.05).
Relative to control trees, the mean evapotranspiration 
in Dimerandra trees amounted to 75%, in trees with 
Tillandsia to 64% and in trees with Vriesea only to 58%.
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Table 2 Evaporative drying rate (EDR) expressed as water loss
(ml h–1) at different microsites within several tree crowns. Given
are means and SD (n=5 for each category; n=15 for all epiphyte

trees), absolute differences between exposed microsites and those
adjacent to epiphytes, and significance levels of t-tests for depen-
dent samples

Tree category (1) EDR at exposed microsites (2) EDR at microsites near Difference between P
(ml h–1) epiphytes (ml h–1) (1) and (2) (ml h–1)

Mean SD Mean SD

Control trees 1.53 0.17 – – – –
Trees with Dimerandra 1.54 0.22 1.30 0.15 0.24 0.032
Trees with Tillandsia 1.54 0.19 1.19 0.16 0.35 0.010
Trees with Vriesea 1.45 0.19 1.21 0.21 0.24 0.004
All epiphyte trees 1.51 0.19 1.23 0.17 0.28 <0.001



Discussion

Epiphytic air-conditioning

It is general knowledge that a forest diminishes the des-
iccation and overheating of the soil beneath it (e.g., Otto
1994). For example, Selleck and Schuppert (1957)
found that soil water loss in open grassland was four
times higher than under pine forest. Leigh (1999), com-
piling data from numerous climate studies, compared
the rainforest with a giant air-conditioner, maintaining
the glasshouse-like wet warmth that is most suitable for
plant growth. Moreover, it is widely recognized that
heat becomes harsher when tropical forests are cleared
(Leigh 1999). In a similar manner, canopy vegetation
may moderate climatic extremes of the tree crowns that
they colonize. Freiberg (2001) reported that, after a
branch has been stripped of its epiphyte and humus cov-
er, temperatures during midday hours increased signifi-
cantly. We showed that epiphytes significantly lower the 
temperature of their immediate surrounding (Table 1)
and reduce water loss through evaporation by almost
20% (Table 2). These effects were often exerted by a 
single plant (as in Fig. 1), irrespective of partial shading
by host tree foliage. Only in the case of Dimerandra
was there no decrease in temperature close to the orchid
as opposed to a shaded branch underside. This is 
certainly due to the open structure of this orchid, the
limited self-shading of its leaves and the lack of water-
impounding tanks found in the bromeliads. A similar
mitigating influence on microclimatic parameters in tree
crowns has been reported for humus mats that had accu-
mulated around branches (Freiberg 1997). Although
many epiphytes grow on such aerial soils (Benzing
1990), we chose epiphytes that grow on bare bark to
show that the plants themselves also exert this influ-
ence, despite the absence of an absorptive substrate of
organic matter.

Although the two bromeliads are of quite distinct size
and architecture, there were no detectable differences be-
tween these two species concerning their influence on
microclimatic parameters. Dimerandra, while not signif-
icantly lowering temperatures, had a similarly mitigating
effect on evaporative drying rate and evapotranspiration.
The species identity of epiphytes thus seems to be rather
unimportant for the reduction of water loss through
evaporative drying. The mere presence of a plant as
shade-provider, windbreaker and water reservoir seems
to offer shelter from climatic extremes, irrespective of
the plant’s structure. Moreover, all plants avoid overheat-
ing through transpiration. Leigh (1999) suspected that
plant transpiration helped maintain the climate of the
forest as a whole. It would be intriguing to test, e.g. by
using artificial structures, how much of this air-condi-
tioning effect is due to plants transpiring and how much
is merely an effect of reducing incident radiation and
wind speed, both factors being physically related to 
evapotranspiration (Penman 1948; Leigh 1999).

Host tree effects

Naturally the host tree foliage also has a buffering effect
on its own crown microclimate. Zotz and Thomas (1999)
reported that the evapotranspiration in Annona glabra
amounted to only 70% of the evapotranspiration mea-
sured above the forest canopy. The air-conditioning 
effect of the epiphytes adds to this moderation: accord-
ing to the results of our study, an average Annona tree
with epiphytes reduces the evapotranspiration to around
45% of that out in the open.

At noon, branch surfaces in the Annona tree crowns
were considerably warmer (33.4 °C) than the air above
the canopy (30.1 °C mean monthly maximum; s. Paton,
unpublished data), despite partial shading by host tree
foliage. Even at the branch undersides, which were never
exposed to direct insolation, the mean temperatures were
higher (31.3 °C). Only in the trees with the bromeliads
Vriesea or Tillandsia were the substrate temperatures
lower than the air temperature over the canopy (29.3 °C).
For comparison, in the deeply shaded understory of pri-
mary forest on Barro Colorado Island the air temperature
averages 28 °C (s. Paton, unpublished data).

The arthropod perspective

For small and poikilothermic animals like arthropods,
the microclimatic conditions of their habitat must be 
crucial determinants of their distribution and behavior
(Almquist 1970; Nicolai 1986; Kaspari 1993; Tobin
1995; Rodgers and Kitching 1998). In the canopy, where
the bulk of arthropod diversity is expected (Erwin 1983;
Nadkarni 1994; Stork et al. 1997), the climatic condi-
tions are often extremely harsh and characterized by 
sudden changes in temperature and relative humidity.
Canopy-dwelling plants, such as vascular epiphytes,
have evolved a multitude of effective adaptations to
withstand drought and high insolation (Benzing 1990).
In contrast, little is known about the adaptations of arbo-
real arthropods to these hostile conditions. It is often 
assumed that a primary adaptation may be behavioral, in
that arthropods search for sites with more favorable 
microclimate where desiccation and overheating can be
avoided (Lowrie 1948; Almquist 1970; Riechert and 
Tracy 1975; Nicolai 1986; Kaspari 1993; Didham et al.
1998).

While this argument applies to all canopy-dwelling
animals, smaller animals with higher surface/volume 
ratios face an increased vulnerability to desiccation and
heat. As the majority of tropical arthropods are minute,
rarely exceeding 3 mm in body length (Erwin and Scott
1980; Nentwig 1983, 1985; Morse et al. 1988), it is very
likely that they are especially sensitive to harsh climatic
conditions. Kaspari (1993) hypothesized that “given that
desiccation is a major risk to small arthropods, and
smaller species can maintain larger populations and sub-
divide the environment better, then wet sites (even in the
wet tropics) may be local centers of arthropod diversity
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and critical refugia during dry episodes”. In this context,
epiphytes may be of great ecological importance for the
canopy arthropod fauna, providing shelter from climatic
extremes.

The results of a companion study are consistent with
this presumption: in a comparative assessment of the 
arthropod fauna inhabiting the three epiphyte species
mentioned, we found a diverse and abundant arthropod
fauna inhabiting Vriesea and Tillandsia, and a much less
species- and individual-rich assemblage in Dimerandra
(Stuntz et al. 2002). Although this finding may be 
explained by differences in plant size, structural traits
and the bromeliads’ ability to impound leaf litter in their
tanks (Stuntz et al. 2002), it seems also likely that the
greater faunal richness of the bromeliads is, to some 
extent, an effect of more favorable microclimatic condi-
tions than those associated with the orchid. This hy-
pothesis awaits experimental verification.

Conclusion

Vascular epiphytes have a significant influence on the
microclimate in tropical tree crowns, both at various mi-
crosites within a tree crown and among tree crowns with
different epiphyte growth. On hot and cloudless days,
they provide microsites with lower temperatures and less
water loss through evapotranspiration than do epiphyte-
free spaces within the same tree crown. Moreover, we
found significantly lower evapotranspiration in tree
crowns bearing epiphytes than in epiphyte-free control
trees over the course of days and weeks. We hypothesize
that this mitigating influence might positively affect the
diversity and abundance of the arboreal arthropod fauna,
which is consistent with the results of a companion study
on the fauna associated with epiphytes (Stuntz et al.
2002).
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