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Abstract:

Precipitation is the most fundamental input of water for terrestrial ecosystems. Most precipitation inputs are vertical, via rain,
but can be horizontal, via wind-driven rain and snow, or, in some ecosystems such as tropical montane cloud forests (TMCFs),
via fog interception. Fog interception can be particularly important in ecosystems where fog is frequently present and there
are seasonal periods of lower rainfall. Epiphytes in trees are a major ecological component of TMCFs and are particularly
dependent on fog interception during periods of lower rainfall because they lack access to soil water. But assessing fog
interception by epiphytes remains problematic because: (i) a variety of field or laboratory methods have been used, yet
comparisons of interception by epiphytes versus interception by various types of fog gauge are lacking; (ii) previous studies
have not accounted for potential interactions between meteorological factors. We compared fog interception by epiphytes with
two kinds of commonly used fog gauges and developed relations between fog interception and meteorological variables by
conducting laboratory experiments that manipulated key fog characteristics and from field measurements of fog interception
by epiphytes. Fog interception measured on epiphytes was correlated with that measured from fog gauges but was more than
an order of magnitude smaller than the actual measurements from fog gauges, highlighting a key measurement issue. Our
laboratory measurements spanned a broad range of liquid water content (LWC) values for fog and indicate how fog interception
is sensitive to an interaction between wind speed and LWC. Based on our results, considered in concert with those from other
studies, we hypothesize that fog interception is constrained when LWC is low or high, and that fog interception increases
with wind speed for intermediate values of LWC—a net result of deposition, impaction, and evaporation processes—until
interception begins to decrease with further increases in wind speed. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The hydrological process of precipitation is the most
fundamental input of water for terrestrial ecosystems.
Most precipitation inputs are vertical, via rain, but in
some ecosystems the precipitation inputs can be hori-
zontal via wind-driven rain and snow or via fog intercep-
tion (González, 2000; Bruijnzeel et al., 2005). Horizontal
precipitation via fog interception is a notably important
source of water for a variety of ecosystems, from tem-
perate evergreen forests growing in subhumid seasonal
climates, such as the redwoods in California (Dawson,
1998; Burgess and Dawson, 2004), to tropical montane
cloud forests (TMCFs) that have seasonally low rain-
fall (Bruijnzeel and Proctor, 1995; Bruijnzeel, 2001).
Notably, TMCFs are classified relative to frequency of
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contact with fog (Bruijnzeel and Proctor, 1995; Brui-
jnzeel et al., 2005). Fog interception represents a sub-
stantial fraction of average annual water income in most
TMCFs, ranging over an order of magnitude from ¾6%
to 60%, with larger fractions being associated with drier
ecosystems (Cavelier et al., 1996; González, 2000). A
major vegetation component of TMCFs is aerial epi-
phyte communities, which grow in association with tree
structures, such as branches and stems, and enhance
interception of fog and rainfall interception (Hamilton
et al., 1995; Clark et al., 1998; Jarvis, 2000; Foster,
2001; Hölscher et al., 2004). Epiphytes have a partic-
ularly important influence on fog interception in TMCFs
because not only are they abundant, but they also have a
high water storage capacity, can release water slowly, and
their responses to evaporation and precipitation dynamics
differ from those of other structural components of the
forest (Veneklaas et al., 1990; Richardson et al., 2000).
Although epiphytes represent one of the largest vege-
tation components of the ecosystem, they do not have
direct access to soil water as other plants do and, hence,
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J. C. VILLEGAS, C. TOBÓN AND D. D. BRESHEARS

are particularly dependent on fog interception (Benzing,
1998). The epiphyte community commonly includes vas-
cular plants (such as orchids, ferns and bromeliads) and
non-vascular species (such as mosses, which are gener-
ally the most abundant, lichens) and liverworts (Frahm,
1990; Wolf, 1996; Bruijnzeel, 2001). The diversity of
epiphytes in some of these ecosystems has been reported
to be comparable to the combined diversity of lowland
rainforest trees and herbs (Hamilton et al., 1995; Nieder
et al., 2001).

In the process of fog interception, the small water
droplets that form the fog are transported by wind
and intercepted by vegetation structures such as leaves,
branches and epiphytes to form bigger drops that can
either be precipitated onto the forest floor or evaporated
back to the atmosphere (Kerfoot, 1968). Because fog
occurs under conditions of high relative humidity and low
solar radiation, water intercepted from fog is less likely to
be evaporated, yielding additional precipitation through
subsequent dripping of intercepted fog to the forest floor
(Hamilton et al., 1995; González, 2000). Fog intercep-
tion is influenced by several meteorological variables,
including fog liquid water content (LWC), fog drop size,
wind speed and direction, and duration and frequency
of fog events (Bruijnzeel and Proctor, 1995; Bruijnzeel
et al., 2005). Although these variables likely interact
to influence fog interception, few studies have explic-
itly evaluated such interactions, especially under con-
trolled conditions (Merriam, 1973; Chang et al., 2002).
Fog interception is also influenced by biotic variables
related to structural characteristics of the forests, such as
height, size, spatial pattern, orientation relative to prevail-
ing wind direction, biomass and physical characteristics
of leaves and epiphytes (Bruijnzeel et al., 2005). Yet sys-
tematic observations that consider both meteorological
and biotic characteristics are generally lacking (Mulligan
and Burke, 2005). Addressing these issues requires the
use of combined laboratory and field experiments, where
interrelationships among physical and biotic factors can
be evaluated (Bruijnzeel, 2001).

Several different approaches have been used to esti-
mate fog interception (Bruijnzeel et al., 2005), including:

1. Water and mass balance techniques, such as the wet
canopy water budget approach that estimates fog
interception through a comparison of net and gross
precipitation for periods with and without fog; see
Holwerda et al. (2006) for recent improvements in
accounting for differences in fog interception due to
evaporation, wind and topography.

2. Mass balance and isotopic techniques that trace the
origin of the water that reaches the forest floor.

3. Micrometeorological methods based on the eddy
covariance technique, under which exchanges of cloud
water the forest and the atmosphere are estimated as
the covariance between the turbulent components of
vertical wind speed and LWC.

4. Using gauges designed to intercept fog, referred to as
‘fog gauges’.

By far, the most common approach is the use of
fog gauges; see summaries in González (2000), Jarvis
(2000), Bruijnzeel (2001) and Bruijnzeel et al. (2005).
However, estimates of fog interception based on fog
gauges might not be representative of key characteristics
of forest canopies that likely influence fog interception,
such as epiphyte loads and morphology (Chang et al.,
2002; Bruijnzeel et al., 2005; Tobón et al., 2006). In
addition, estimates from fog gauges are often not directly
comparable because many types of fog gauge have
been used (Schemenauer and Cereceda, 1994; Juvik
and Nullet, 1995; Bruijnzeel et al., 2005). Metal-louvred
screen gauges have been shown to drain their catch more
efficiently than wire-mesh screens. Cylindrical gauges,
which are multidirectional, have been shown to be
more efficient than two-dimensional screens, which are
unidirectional, because the exposed area remains constant
regardless of the wind direction (Juvik and Nullet, 1995).
Further, the influence of wind-driven rainfall intercepted
by the fog gauges is generally not differentiated from
actual fog interception (Hafkenscheid, 2000; Juvik and
Nullet, 1995; Cavelier et al., 1996; Bruijnzeel et al.,
2005). Because of these issues related to the use of fog
gauges, debate remains about how to best to estimate fog
interception (Bruijnzeel et al., 2005).

In summary, although fog interception by vegetation
in TMCFs is recognized to be an important hydrological
process, assessing fog interception remains problematic
because: (i) a variety of field or laboratory methods have
been used, yet simultaneous comparisons of fog intercep-
tion by vegetation versus interception by various types
of fog gauges is lacking; (ii) previous studies have not
accounted for the role of potential interactions between
meteorological factors to produce responses in fog inter-
ception by vegetation. We compared fog interception by
epiphytes with two kinds of commonly used fog gauge
and developed relations between fog interception and
meteorological variables by conducting laboratory exper-
iments that manipulated key fog characteristics and by
obtaining field measurements of fog water interception
by epiphytes.

MATERIALS AND METHODS

We conducted laboratory and field studies in which we
used epiphyte samples and two different kinds of fog
gauge to measure fog interception. The laboratory study
focused on simulations of fog interception by epiphytes
in a fog simulator (fog chamber, after Jarvis (2000))
that enabled the production of fog under controlled
meteorological conditions. The field study focused on
measurements of fog interception for different fog events
that were then compared with estimates obtained in the
laboratory.

Study site

Our study site for field measurements and collection
of samples for fog chamber experiments was ‘La Aguada
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Figure 1. Location of the study area in the central Andes of Colombia
(6°1300800N, 75°3002900W)

forest’, a TMCF located in Medellı́n, Colombia, within
Arvı́ Regional Park (eastern flank of the Aburrá Val-
ley and belonging to CORANTIOQUIA Environmen-
tal Corporation for the Center of Antioquia, Colombia;
6°1300800N and 75°3002900W). The forest spans approxi-
mately 100 ha with altitudes ranging between 2200 and
2500 m above sea level (Figure 1). Vegetation cover
includes secondary forests in an advanced stage of suc-
cession, mainly composed of mid-size trees, with larger
trees approaching 25 m in height and having relatively
low levels of human-induced disturbance. The forest con-
tains approximately 85 plant species, grouped into 34
families, with the families Meliaceae, Moraceae and Pro-
teaceae being the most representative of the tree group
and the families Rubiaceae and Asteraceae and Are-
caceae being the most representative of the arbustive
group (CORANTIOQUIA, 2005, personal communica-
tion). Fog forms frequently on most of the high ridges
of the Aburrá valley (with altitudes over 2000 m above
sea level), as a consequence of moist air masses from the
north that condense while rising up through the mountain
ridges (Mejı́a, 2002). Fog on the eastern slope of the val-
ley occurs more frequently during rainless seasons and is
formed especially during morning hours, when differen-
tial heating of the two flanks supports the development of
convective cells that transport moist air from the bottom
of the valley to its top, condensing at around 2000 m. The
production of these convective cells is normally associ-
ated with early-morning conditions following cloudless,
stable nights, resulting from atmospheric stationary con-
ditions, common during rainless periods (Adarve and
Molina, 1984).

Laboratory experiments

We built a fog chamber similar to (but smaller
than) the one described by Jarvis (2000) (3 m long ð

Figure 2. The fog chamber, a controlled volume containing two types
of fog gauge: polypropylene harp (unidirectional gauge; left) and a
Juvik cylinder (multidirectional gauge, right), where 21 fog events were

simulated

1Ð7 m height ð 1Ð5 m wide), isolated from the exterior
by a thermal polyurethane plastic (Figure 2). Fog was
introduced into the chamber via a nozzle (model 23 412-
1/4-20 from Spaying Systems Co.) that uses a mixture
of pressurized water (for our experiments we used a
constant pressure of ¾68Ð95 hPa) and air at variable pres-
sures, yielding fog with droplet diameters ranging from
10 to 20 µm and flow rates ranging from 6Ð4 to 22 l
h�1. Liquid outflow for each event was determined from
nozzle operation charts from the manufacturer (Spray-
ing Systems Co., 1997) relating air and water pressure
to liquid output. To estimate the relationship between air
pressure and liquid outflow beyond the range of the oper-
ation charts, we directly calculated regression equations
(0Ð98 < R2 < 1Ð00, data not shown), as suggested by
the manufacturer. The posterior end of the fog cham-
ber was open, allowing circulation of air and fog and the
maintenance of a constant density of fog in the cham-
ber throughout the duration of the simulated fog events.
Wind circulation and wind speed were controlled using
a ventilation system installed in the chamber.

Two types of fog gauge were used in the fog cham-
ber: a polypropylene harp (after Frumau et al. (2006)),
referred to as ‘unidirectional’ because its interception
efficiency depends on wind direction (Schemenauer and
Cereceda, 1994; Bruijnzeel et al., 2005), and a mod-
ified Juvik cylinder (Juvik and Ekern, 1978; Frumau
et al., 2006), referred to as ‘multidirectional’ because
the area of exposure remains constant regardless of wind
direction. The polypropylene harp consisted of a square
frame (0Ð25 m2) made of PVC with a series of parallel
polypropylene strings (calibre 60) running every 2 mm
and oriented perpendicular to the prevailing direction of
the fog-carrying wind. The modified Juvik cylinder was
comprised of a cylindrical, louvred aluminium screen
40 cm in height and 15 cm in diameter with a metallic
mesh of 1Ð55 mm spacing between wires (Phifer Shade-
screen, provided by J. O. Juvik; Juvik and Ekern, 1978).
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For both types of gauge, the volume of water inter-
cepted was converted into laminar units by factoring in
surface area and interception efficiency of the gauge.
Gauge-specific interception efficiencies were estimated
using relationships reported by Frumau et al. (2006):

Cu D 0Ð29Ct ð CWFu C 0Ð14 �1�

for the unidirectional gauge, and

Cm D 0Ð36Ct ð CWFm C 0Ð2 �2�

for the multidirectional gauge, where Cu and Cm rep-
resent the interception efficiency for the unidirectional
gauge and multidirectional gauge respectively, Ct is the
normalization time factor equal to 30 divided by the dura-
tion of the measured fog event (minutes), and CWFu and
CWFm (mm h�1) are the cloud water flux measured by
the unidirectional gauge and the multidirectional gauge
respectively.

We installed a portable automatic weather station
(AWS; Davis Weather Monitor II) in the chamber to mea-
sure temperature, relative humidity, wind vector (speed
and direction) and precipitation during the simulated fog
events (sampling frequency was 1 min). We calculated
mean LWC for each event based on the amount of mois-
ture (milligrams) injected to the fog chamber per unit
time (seconds) and the volume of the fog chamber (cubic
metres); the amount of moisture injected into the chamber
was corrected for water that was intercepted by the cham-
ber walls, which was collected and measured directly
with a rain gauge.

We simulated 21 fog events in the fog chamber that
represented stratified combinations of wind speed, LWC
and fog event duration using ranges of values previously
observed at our study site (Table I). The physical char-
acteristics of fog simulated in the chamber were held
relatively constant within each fog event to provide con-
trolled comparisons. However, we recognize that meteo-
rological conditions in the field can vary substantially
with respect to wind speed, LWC, relative humidity,
radiation and potential evapotranspiration during a sin-
gle fog event. We grouped our experiments into four
levels of mean wind speed (0–0Ð5, 0Ð6–1Ð0, 1Ð1–1Ð5,

Table I. Ranges of variation of meteorological conditions and fog
events characteristics used in the 21 fog events developed in the
fog chamber and observed in the six fog events monitored in the

field

Variable Fog chamber Field experiments

Minimum Maximum Minimum Maximum

Temperature (°C) 20Ð0 24Ð0 17Ð2 18Ð4
Relative humidity

(%)
90Ð6 97Ð0 77Ð9 85Ð2

Wind speed
(m s�1)

0Ð0 2Ð1 0Ð8 2Ð1

LWC (mg m�3) 22Ð3 221Ð2 10Ð3 69Ð5
Duration of the

event (min)
37 121 43 215

1Ð6–2Ð0 m s�1) and five levels of mean LWC (<50,
51–100, 101–150, 151–200, >200 mg m�3), with each
level of LWC evaluated at all four levels of wind speed.

For each fog event simulated in the chamber, fog
interception was measured using both gauge types and
four epiphyte samples (branches with epiphytes), all of
which were placed perpendicular to the flow of fog.
The epiphyte samples were branches ¾50 cm long and
varied in amount of epiphyte coverage, which was mostly
classified as moss balls (non-vascular epiphytes), with
some sporadic presence of small bromeliads.

Field measurements

Fog interception was measured in the field at La
Aguada using a multidirectional fog gauge and epi-
phyte samples (n D 15 per fog event, with only 14 for
one event) for six fog events that occurred during the
November–December 2005 dry season. The epiphyte
samples were generally placed adjacent to the multidirec-
tional gauge and perpendicular to the main fog-carrying
wind direction (commonly northwest) at a height of 2 m
in an exposed, open area approximately 50 m from the
edge of the adjacent forest, at 2250 m above sea level.
A portable AWS (Davis Weather Monitor II) installed
in the open at 2 m height monitored metrological vari-
ables (temperature, relative humidity, precipitation, and
wind speed and direction) every 5 min. The duration of
each fog event was also observed and recorded manually
(Table I). To confirm that our estimates at 2 m were also
relevant to taller tree locations, we placed an additional
gauge at a height of 15 m in the forest. The amount of fog
measured using the fog gauge at 15 m in the canopy was
consistently within 10% of that for the gauge in the open
area at 2 m; data from both heights were used to make
comparisons between gauges and epiphyte interception.

We were unable to measure LWC directly in the field,
so instead estimated it using a rearrangement of the
relationship proposed by Tobón et al. (2006):

LWC D FI

u ð IE ð A
�3�

where FI is the fog interception, u is the product of
wind speed during the fog event, IE is the interception
efficiency of the device and A is the area exposed. For
each fog event, we had data of fog interception, geometry
and interception efficiency for the multidirectional fog
gauge and of mean wind speed as recorded by the weather
station.

Measurement of fog interception by epiphytes

Fog interception by epiphytes was estimated by mea-
suring weight change. Before starting each measurement
in either the field or the fog chamber, epiphyte samples
were air-dried until they reached a constant weight and
their basic dimensions (height and diameter) were then
recorded; after each fog event, samples were reweighed.
To correct for any fog intercepted directly by the branches
rather than by the epiphytes, the epiphyte component was
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then separated from the main branch and the branches
were weighed immediately after the separation, air-dried
and weighed again. Bulk interception on epiphyte sam-
ples was calculated as the difference in weight prior to
and following exposure to the fog (corrected for branch
interception, as described above). To express the intercep-
tion in laminar units, bulk interception was divided by the
exposed cylindrical surface area of the sample assuming a
regular cylindrical shape. Epiphyte samples did not reach
saturation in any of our measurements, based on visual
confirmation that water was not dripping from the sam-
ples; therefore, the amount of water stored, as measured
by changes in sample weights as described above, was
assumed to equal the net amount of intercepted fog.

Data analysis

Relationship between actual fog interception by epi-
phytes and fog gauges. To examine the relation between
fog interception by epiphytes and the two types of fog
gauge, two sample t-tests were performed to compare the
amount of water intercepted by epiphyte samples with
both types of fog gauge. In those cases where the t-tests
resulted in significant differences among fog gauges and
epiphytes, Type II regression analyses were performed to
determine the magnitude of the differences and to define
approximate relationships between fog gauge and epi-
phyte sample estimates while accounting for any potential
error on the measurement of the independent variable
(Warton et al., 2006).

Fog interception and meteorological characteristics of
fog events. We analysed the results from the fog cham-
ber using a multifactor analysis of variance to explain
the variation in fog interception by epiphytes as related
to meteorological characteristics (relative humidity, tem-
perature, wind speed, and LWC) and their interactions.
Variables that presented statistically significant relation-
ships with fog interception by epiphytes were further
analysed in more detail.

RESULTS

Relationship between actual fog interception by
epiphytes and fog gauges

Interception efficiency for both types of fog gauge was
calculated according to the relationships developed by
Frumau et al. (2006), but for a wider range of interception
values (Figure 3). Interception efficiency was highly
correlated with cloud water flux in both the unidirectional
(R2 D 0Ð99, P < 0Ð001) and multidirectional (R2 D 0Ð83,
P < 0Ð001) gauges.

Fog interception measured on epiphyte samples was
significantly different from that measured on the unidirec-
tional gauge (P D 0Ð01). On the other hand, there is evi-
dence suggestive of differences between measurements
on epiphytes and the multidirectional gauge (P D 0Ð10)
after correction for interception efficiency. Fog gauges,
on average, overestimate fog interception on epiphytes

Figure 3. Calculated fog interception efficiency for the unidirectional
(wire harp) and multidirectional (modified Juvik cylinder) gauges for

field and laboratory measurements of fog interception

Figure 4. Distribution of the ratio of fog interception by two types of
fog gauge relative to the amount collected by epiphyte samples after
laboratory experiments. Mean ratio is significantly different from 1Ð0 for
the unidirectional gauge (P D 0Ð01) and suggestive of differences from

1Ð0 for the multidirectional gauge (P D 0Ð1)

by a factor of 12Ð5 (95% confidence interval [Cl]: 3Ð5
to 21Ð5) for the unidirectional gauge and of 3Ð2 (95%
CI: 1Ð0 to 5Ð3) for the multidirectional gauge (Figure 4).
Nonetheless, the amount of fog interception measured on
the epiphyte samples was significantly correlated with
that from both types of gauge (multidirectional gauge:
R2 D 0Ð53, P < 0Ð01; unidirectional gauge: R2 D 0Ð58,
P < 0Ð01) (Figure 5).

Fog interception and meteorological characteristics of
fog events

Fog interception measured in the fog chamber was
significantly related to both wind speed (P < 0Ð05) and
LWC (P < 0Ð01) (Figure 6a and b). Fog interception
peaked at a low-level wind speed (0Ð33 m s�1) and at
an intermediate LWC (106Ð7 mg m�3) (Figure 6c). We
were unable, however, to describe these relations using
a mathematical response surface based on wind speed
and LWC: in all cases, R2 values were smaller than 0Ð30
(P < 0Ð05).
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Estimated values of LWC for our field experiments
based on Equation (3) ranged between 10Ð3 and 69Ð5 mg
m�3 s�1 and showed a significant relation with total
interception measured by the multidirectional fog gauge
(Figure 7; R2 D 0Ð95, P D 0Ð01), as expected from the
relation proposed by Tobón et al. (2006). Measurements
of fog interception from our field experiments were
related to the observations in the fog chamber, but were
one to two orders of magnitude smaller (P D 0Ð07).
Notably, the values of LWC for our field observations
were generally low compared with the range of values
simulated in the fog chamber (Figure 8). On the other
hand, wind speed ranged approximately over the same
range as it did in our experiments in the fog chamber,

Figure 5. Regression analyses between fog interception by epiphytes
measured in the fog chamber with interception measured by the mul-
tidirectional fog gauge (filled circles; R2 D 0Ð53, P < 0Ð01) and by the

unidirectional fog gauge (open circles; R2 D 0Ð58, P < 0Ð01)

although the lowest value in the field was higher than the
lowest value registered in the fog chamber (Figure 8).

DISCUSSION

Relationship between actual fog interception by
epiphytes and fog gauges

Our estimates of fog interception efficiency were sig-
nificantly related to the uncorrected cloud water flux mea-
sured by the gauge for a wide range of interception val-
ues, as previously demonstrated by Frumau et al. (2006).
However, for the multidirectional gauge, we found higher
efficiencies in laboratory measurements relative to field
measurements (Figure 3) and relative to the efficiencies

Figure 7. Calculated liquid water content (LWC) for fog events observed
in the field based on fog interception by the multidirectional gauge

(corrected for its efficiency) and wind speed

Figure 6. Relationship between fog water intercepted by epiphytes with (a) wind speed (WS), (b) liquid water content (LWC), and (c) both wind
speed and LWC. Each point corresponds to the average fog interception (š1 SD, n D 4) by epiphytes for each fog event simulated on the laboratory
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Figure 8. Relationship between fog water intercepted by epiphytes with (a) wind speed (WS) and (b) liquid water content (LWC) from observations
in the field. Each point corresponds to the average (š1 SD, n D 15) fog interception by epiphyte samples exposed to natural fog events

reported by Frumau et al. (2006). These differences can
be explained by the fact that our laboratory measurements
were made under the controlled conditions of the fog
chamber, where factors that contribute to the decrease
in efficiency, such as enhanced evaporation occurring
during periods of intermittent fog events, were not repre-
sented. As expected, interception efficiencies were higher
on the multidirectional gauge than the unidirectional
gauge. However, the multidirectional gauge in the field
had efficiencies comparable to those of the unidirectional
gauge in the fog chamber. In our experiments in the fog
chamber, the unidirectional gauge was placed perpendic-
ular to the almost constant fog-driving wind trajectory.
This situation constitutes a simplification of the field con-
ditions, where wind direction may vary during fog events.
The variation of wind direction is an important factor that
might decrease interception efficiency in these kinds of
device.

Our results are consistent with others in indicating
that fog gauges commonly used to measure fog inter-
ception in TMCFs can overestimate interception rates
by epiphytes by approximately one order of magnitude
(Bruijnzeel et al., 2005). Our study builds on previous
work to quantify those overestimations and highlights
that the magnitude of such overestimations can be signifi-
cantly reduced when the proper equations for interception
efficiency are used. As suggested by Jarvis (2000), the
epiphyte mass in TMCFs constitutes the most impor-
tant source of fog interception in the forest, given the
relatively large surface area and water-holding capac-
ity associated with the epiphyte mass. Consequently, our
estimated relationships between gauges and epiphytes are
relevant at the ecosystem scale because the amount of fog
interception by epiphytes is sufficiently large to influ-
ence forest hydrological fluxes, as suggested by previous
research (Veneklaas et al., 1990; Hölscher et al., 2004).

Our results provide useful comparisons among gauge
types, but we note that caution should be applied in
extrapolating our comparison of the unidirectional gauge
efficiencies in the fog chamber to the field because,
as noted above, the unidirectional gauge was always
oriented perpendicular to wind direction in the fog
chamber. In the field, it is likely that the unidirectional
gauge would often not be perpendicular to the main
fog-carrying wind direction; therefore, fog interception

efficiency would likely be smaller than that calculated
here.

Fog interception and meteorological characteristics of
fog events

Our results suggest that the fog interception is sensi-
tive to the interaction between low levels of wind speed
and intermediate values of LWC of fog, producing a syn-
ergistic response of high fog interception. These findings
are consistent with previous theoretical descriptions of
fog interception as a combined function of the turbulent
flux of air through an intercepting surface, the amount
of moisture of the moving air (LWC), the capacity of
the vegetation to intercept water particles by deposition
and impaction, and the area of vegetation exposed to the
deposition and impaction fluxes (Merriam, 1973; Shut-
tleworth, 1977; Unsworth and Wilshaw, 1989; Bruijnzeel
et al., 2005). The fog chamber allowed us to manipulate
some of these conditions and to test how interception
varies along a wide range of potential combinations of
wind speed and LWC. Some of those combinations might
not occur frequently in the field, but they nonetheless pro-
vide important insights about fog interception processes
over a broad range of potential field conditions.

Fog can be intercepted via two mechanisms: impaction
and deposition. When the structural characteristics of
vegetation are held constant, the predominance of each
of these mechanisms depends upon the physical char-
acteristics of the fog (LWC) and how it is transported
across the intercepting surface. During periods of low
wind speed, interception is driven primarily by deposi-
tion, especially for medium- to high-density fog events.
However, at very high LWC levels, fog can settle by grav-
ity, which is a different process than fog interception. On
the other hand, as wind speed increases, impaction of fog
onto vegetation might account for a greater proportion of
fog interception. Theoretically, LWC is inversely related
to wind speed (Equation (3)). As wind speed increases,
LWC should decrease and the potential for evaporation
of intercepted water should increase (because potential
evaporation is proportional to wind speed; Shuttleworth,
1993), resulting in a reduction in net interception for a
fog event (Figure 9).

Although fog interception might generally be expected
to increase linearly with LWC due to a greater availability
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Figure 9. Hypothesized interactions between liquid water content (LWC)
and wind speed (WS). Fog interception is hypothesized to be constrained
at low LWC by limited fog availability and at high LWC by precipitation
potential. At intermediate values of LWC, fog interception is hypothesized
to be greatest at intermediate WS as a net result of the dependencies of

deposition, impaction, and evaporation processes on WS

of moisture to be intercepted, this is not always the
case. In a re-evaluation of data presented by Eugster
et al. (2006) in a recent review of research on fog
interception in TMCFs for studies that had measurements
or estimations of LWC, we found that there was no
significant linear relationship between LWC and fog
interception (R2 D 0Ð26, P D 0Ð13); rather, higher values
of fog interception occurred at intermediate levels of
LWC—values that are comparable to those for which
we observed maximum interception. Although the results
reported by Eugster et al. (2006) for fog interception
do not include measurements of wind speed, our results
suggest an explanation for the additional variance in the
reported values.

Our laboratory experiments included ranges of mete-
orological conditions that were not observed during our
experiments in the field and might represent extreme sit-
uations. Nonetheless, the amounts of fog intercepted by
epiphytes that we measured were comparable to those
reported for field conditions by previous studies (Chang
et al., 2002; Tobón et al., 2006). Further, our results
highlight potentially important interactions in meteoro-
logical conditions that drive maximal fog interception.
Our results also highlight the need to evaluate interac-
tions systematically among meteorological conditions in
the field under a broader range of climatic conditions.
Our findings are also constrained to fog interception by
epiphytes themselves, which represent an important veg-
etation component of TMCFs but which alone do not
mimic the overall structural complexity of a forest stand.
Additional laboratory and field measurements are needed
to understand the dynamics of fog interception by other
types of vegetation structure in relation to meteorological
characteristics.

Our field measurements of fog interception were con-
siderably smaller than measurements in the fog chamber.
Notably, the field measurements occurred under con-
ditions that included intervals with high wind speeds,
low LWC and higher radiation, all of which increase
vapour pressure deficit in the atmosphere and, conse-
quently, evaporation. This combination of conditions in

the field apparently led to lower amounts of fog inter-
ception and could contribute to surface drying between
sequential pulses of fog, as observed in our results.

Our results, which highlight the interaction between
wind speed and LWC on fog interception, indirectly
support the current consensus about the potential con-
sequences of climate variation and change on TMCFs.
Previous studies and assessments have noted that these
ecosystems are particularly sensitive to increases in tem-
perature that could result in the cloud belts rising above
the elevation belts at which such forests are located, with
further consequences on LWC and wind patterns (Still
et al., 1999). Our results suggest that even meteorological
changes leading to modifications in LWC and wind speed,
let alone temperature, can alter the potential amount of
fog intercepted by epiphytes, thereby directly impacting
important hydrological and ecological processes.

CONCLUSIONS AND SUMMARY

Estimates of fog interception obtained on epiphytes
were correlated with those obtained from fog gauges
but were more than an order of magnitude smaller,
highlighting the importance of measurement approach
when including gauge-based estimates of fog interception
in the quantification of hydrological fluxes on TMCFs.
Our laboratory results spanned a broad range of LWC
for fog and indicate that fog interception is sensitive
to an interaction between wind speed and LWC. Our
results, considered in concert with results from other
studies, lead us to hypothesize that fog interception is
constrained at high and low values of LWC and that
under intermediate LWC, fog interception increases with
wind speed as a net result of deposition, impaction,
and evaporation processes until interception begins to
decrease with further increases in wind speed, due to
potential changes in atmospheric water demand. An
improved understanding of the sensitive interactions
between fog interception and meteorological conditions
is acutely needed to assess potential impacts of climate
change on TMCFs and other fog-dependent ecosystems.
Our findings provide a step in this direction and build
on previous work to provide a revised hypothesis about
the meteorological conditions driving fog interception
rates that lead to additional understanding and predictive
capability.
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