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ABSTRACT. Fog interception and rainfall were measured at 14 stations across the Central Cordi-
llera in western Panama. Fog interception and rainfall were measured monthly during 1988-1989
with artificial fog catchers and rain gauges, respectively. Fog interception was highest on ridges
and increased with increasing altitude. Fog interception contributed between 2.4 and 60.6% of the
total water input, depending on altitude and exposure to the prevailing winds. Absolute amounts
of annual fog interception ranged from 142 to 2295 mm. Although low clouds were more frequent
in montane forests. clouds close to the ground also occurred in the lowlands. During the study
period, there was a gradient of increasing total rainfall from the Caribbean (3335 mm) to the
Pacific side (3739 mm) of the Central Cordillera. Nevertheless, rainfall was more seasonal on the
leeward side of the mountain range. Seasonal variation in fog intereption was different from rainfall
patterns and no correlation was found between monthly (or annual) rainfall and fog interception.
The results of this study showed the importance of montane forests for the preservation of water
sources, particularly along ridges of the Fortuna drainage basin that provides more than 50% of
the electricity of the Republic of Panama.

KEY WORDS: fog, fog interception, montane forests, Panamd, rainfall. tropical montane cloud
forest.

INTRODUCTION

The slopes of wet tropical mountains are covered with different forests types.
In the Andes, for instance, four forest formations can be recognized. Lowland
rainforest (LRF) occurs from sea level to 1200 m, lower montane rainforest
(LMRF) from 1200 to 2500 m, upper montane rainforest (UMRF) from 2500
to 3200 m and subalpine rainforest (SARF), above the UMREF and below the
Péramos, open grasslands with giant rosettes (Cuatrecasas 1934, 1958; Grubb
1977). These altitudinal limits vary with the size of the mountain, exposure to
the prevailing wind direction and the distance to the sea (Bruijnzeel e/ al. 1993,
Flenley 1979, van Steenis 1972) as reported for small mountains and isolated
ridges, such as Serrania de Macuira in Colombia (Sugden 1982), Cerro ‘El
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Cielo’ at the Sierra Nevada de Santa Marta on the Caribbean coast of Colombia
(Lozano 1984) and the Luquillo Mountains in Puerto Rico (Weaver 1991,
Weaver & Murphy 1990). This phenomenon is known as the “Massenerhebung’
effect (Grubb 1971, 1977).

Wet tropical forests have been associated with a different frequency of low
clouds. For instance, LRF experiences negligible fog, while LMRF has frequent
fog and UMREF long persistent cloud cover close to the ground (Grubb &
Whitmore 1966). Nevertheless, actual measurements of fog interception in these
forest types are rare (Baynton 1969, Bruijnzeel 1990, Bruijnzeel & Proctor 1993,
Bruijnzeel ef al. 1993, Cavelier & Goldstein 1989, Cavelier ef al. 1992, Chaney
1981, Kerfoot 1968, Vogelmann 1973, Weaver 1972, Werfl' 1978) when com-
pared to the extensive rainfall data in even remote tropical montane sites. These
studies suggest that fog can supply different amounts of liquid water to Tropical
Montane Cloud Forest (TMCF) sensu Hamilton et al. (1993). On the one hand,
fog can be an important water source as in the case of Serrania de Macuira,
where fog interception represents 48% of the total water input (796 mm of fog
and 853 mm of rain; Cavelier & Goldstein 1989). Fog also represents an import-
ant water source in the Scalesia pedunculata forests on the Galapagos Islands
where fog drip can be has high as 99% of the water input to the understorey
(Werfl 1978). On the other hand, clouds can increase the humidity and offset
the highly seasonal rainfall regime without contributing much with liquid water
to the hydrological balance as suggested by Sugden (1986) for Cerro Copey
at Isla Margarita, Venezuela. Indeed, fog interception measurements on this
mountain showed that fog contributed only 9.7% of the water input (438 mm
of fog and 4461 mm of rain; Cavelier & Goldstein 1989). Similar results were
reported for the Pico del Oeste in Puerto Rico, where fog interception repres-
ented only 7.2% of the water input (325 mm of fog and 4530 mm of rain;
Baynton 1969). Even more, in the Andean forest of El Zumbador (Venezuela)
annual fog interception is only 3.5% of the total water input (72 mm of fog and
1983 mm of rain; Cavelier & Goldstein 1989). ‘Fog interception’ is used here
to refer to the small cloud droplets that do not settle on horizontal surfaces and,
thus, are not collected in a rain gauge. Cloud water droplets are blown by the
wind against the vegetation where they coalesce to form large drops that run
off and fall to the ground (Chaney 1981). Fog droplets have to be intercepted
by the vegetation and they do not precipitate as rainfall drops do, as the use
of the terms ‘fog precipitation’ (Nagel 1956) or ‘horizontal precipitation’
(Stadtmiiller 1987) seem to suggest.

The objective of this study was to measure fog interception and rainfall across
the Central Cordillera of Panama (along a Pacific-Caribbean transect) passing
through the Fortuna drainage basin that drains to the Pacific Ocean. The
seasonal measurements across the Central Cordillera (1988-1989) were made
using fog catchers at different forest types and along altitudinal gradients (500~
1270 m) on both windward and leeward sides of the Cordillera.
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Sea. Stations 1—4 were on the leeward side of the mountain, with stations 1-10
drained to the Pacific side, The continental divide is at station 11 (Figure 1).
The profile of the Cordillera along the transect where the stations were located
is such that there were stations (i.e. 6 and 7) receiving the prevailing winds
(i.e. on the windward side) and, nevertheless, draining to the Pacific Ocean.
The Fortuna drainage basin was between A and B in Figure 1.

Fog interception and rainfall measurements
Fog interception was measured every 30 days between April 1988 and March

1989 with open-ended cylindrical fog catchers (8.4 cm in diameter and 8.0 cm
height) made from plastic screen of 40 mesh (open spaces) per cm® (ie. 64%
of the area available for air passage). Rainfall was measured with plastic funnels
56.0 cm?in area, located at 1.5 m above the ground connected with PVC tubing
(1.5 cm of interior diameter) to 5-gallon containers. This long and narrow
tubing minimized the loss of water by evaporation. The rain gauge without the

CARIBBEAN  SEA

RICA . BOCAS DEL TORO

PACIFIC OCEAN

COLOMBIA
*
1500 — LEEWARD 4———}——% WINDWARD PACIFIC %——f——3 CARIBBEAN
- W
- 5.0 -
e 28 -
E - . 'T . i
8 - g *
S 1ooo — 1000
t 1000 _ 3 ’
= _ 12 -
o}
< —
- 2 3
T 14
s00— g ’ - 500
- ] 1 |
4 20 Km +
B

Figure 1. Location of the transect in western Panama across the Central Cordillera and the altitudes of the
14 stations used to measure rain and fog interception. Solid circles represent fog- and rainfall-stations and
the open square the Hornitos weather station.
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screen collected only rainfall. while the gauge with the screen collected both
rain and cloud water (‘non-vertical rain’) as wind moved water droplets onto
the screen (Nagel 1956). Volume differences between rain and fog catchers
(cm®) gave the relative amounts of fog interception and non-vertical rain.
Although these fog catchers are not of ‘standard dimension’ (i.e. height =
2 % diameter; see Grunow 1952 in Nagel 1936) they have been effectively used
to collect cloud water in elfin cloud forests (ECF) of Caribbean mountains and
in the Andes of Venezuela (Cavelier & Goldstein 1989) and Col ombla (Cavelier
et al. 1992). In the former studies, a conversion factor of 318 cm® to 1 mm was
used to scale the water volumes obtained in the fog catcher and the net precip-
itation measured as throughfall on the forest floor. Because of the structural
differences between ECF and the forests of Panamad (i.e. tree stature, number
of strata and leaf area index), different calculations were made in the present
study to estimate the relative importance of fog. Volume differences between
rain and fog catchers (cm®) were divided by 212 cm®, equivalent to the entire
area of the screen (height = 8 cm X perimeter of the funnel = 26.5 cm).
Although fog catchers had 0.36 cm® of plastic per square centimetre of screen,
the mesh filled with water during cloud events and. thus, the area of interception
was the same as the exposed area of the screen. Fog interception for the different
stations (expressed in mm) should not be taken as absolute values, but as a
relative measure of the contribution of fog to the hvdrological balance of differ-
ent forests. The interpretation of absolute values would require the calibration
of the fog catcher’s efficiency against the vegetation (i.e. Cavelier & Goldstein

1989).

RESULTS

Annual rainfall and fog interception across the Cordillera

Total rainfall increased from the Caribbean to the Pacific side of the mountain
(Figure 2). The maximum rainfall occurred at station 4 (on the Pacific side),
the first station on the leeward side of the Cordillera. The minimum rainfall
occurred at station 11 (on the Caribbean side), right on the continental divide.
Fog interception also varied across the mountain range. The maximum values
occurred at stations 11 and 3, both located on ridges: the first, separating the
Caribbean from the Pacific drainage basin, and the second, separating the
windward- from the leeward-side of the Cordillera. Fog interception contributed
from 2.4% (station 1; Pacific side) to 60.6% (station 11; Caribbean side) of the
total water input (Figure 2). Fog interception may be an important water source

fog interception at station

250 m) it was 447.7 mm.

—t e

in both lowland and montane forests. Fu ins
14 (50
Seasonal variation in rainfall and fog interception

Total rainfall and seasonality was higher towards the Pacific side of the
transect. While rainfall at station 1 was 5759 mm with five dry months (less
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Figure 2. Total annual (April 1988 to March 1989) rainfall (closed circles) and fog interception topen
circles) for the 14 stations across the Central Cordillera.

than 100 mm), rainfall at station 13 was 4178 mm with no dry months (Table
1, Figure 3). In the lowlands of the Caribbean side, rainfall was more evenly
distributed (station 13, Figure 3). With increasing altitude on the windward side
(station 10), the rainy season became concentrated in the period December—
February. Conversely, the wettest period shifted to June-October in those sta-
tions south of station 10 (i.e. stations 1, 6 and 9; Figure 3).

Seasonal variation in fog interception was different from that of rainfall pat-
terns (Figure 4) and no correlation was found hetween monthly (or annual)
rainfall and fog interception (Figure 3).

Fog interception along altitudinal gradients

Fog interception increased with increasing altitude (Figure 6). The rate of
increase was about the same for the windward and leeward side of the Cordillera
up to ¢. 850 m. From 850 to ¢. 1200 m the rate of increase was higher for the
windward side. Total rainfall did not show the same pattern in this part of the

transect (Figure 6).

DISCUSSION

Rainfall patterns

Total annual rainfall and seasonality increased from the Caribbean to the
Pacific side of the Cordillera (Figures 2 & 3). This result agrees with long-term
records of rainfall measured in the lowlands (Estadistica Panamernia 1986).
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Figure 3. Seasonal variation in rainfall (April 1988 to March 1989) for five selected stations across the
Central Cordillera.

Nevertheless, the total rainfall during the studv period (April 1988-March
1989) was higher than historical records (1970-1986). For instance, annual
rainfall at station 5 (1270 m) was 3669 mm while at the Hornitos weather
station (1340 m), mean annual rainfall was 3327 mm with values up to
6609 mm for 1970 (Estadistica Panamefa 1986). Seasonal rainfall patterns
during 1988-1989 were similar to long-term records with lower rainfall during
January-April.

In near-by Costa Rica, the analysis of long-term records of rainfall (1930s—
1980s) suggests that lowland sites are becoming drier while mid-elevation sites
are becoming wetter (Fleming 1986). Fleming (1986) hypothesized that secular
changes in annual rainfall are related to the clearing of lowland forests along
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Figure 4. Seasonal variation in fog interception (April 1988 to March 1989) for five selected stations across
the Central Cordillera.

the Pacific coast. If this phenomenon is also happening in Panama, where
Pacific lowland forests have also been cleared for cattle ranching, annual rainfall
is expected to increase in the mountains. Indeed, long-term records for annual
rainfall at Hornitos weather station show that there has been a non-significant
increase in annual rainfall (29.6 mm y™') from 1959 to 1981 (annual rainfall =
99.6 time + 2360.2; P < 0.1). If this trend continues, this would favour the
water-budget of the Fortuna hydrological project since the reservoir was
recently enlarged (in 1993) to provide a higher electricity output. If rainfall
is increasing at mid-elevations across the Central Cordillera in Panamd, the
preservation of the lower montane rainforests is critical to avoid erosion (i.e.
landslides) and to regulate the water flow during the drier months (Bruijnzeel
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Figure 3. Relationships between (A) monthly fog interception and rainfall, and (b) annual fog interception
and rainfall, for the 14 stations across the Central Cordillera.

1990). Furthermore, if fog stripping is indeed an important water source in at
Jeast part of the drainage basin (i.e. ridges), deforestation would result in reduc-

tion of water vields (Bruijnzeel & Proctor 1993).

Fog interception in different forest types

Although tropical lowland and montane forests are exposed to clouds, there
is little information regarding the frequency of cloud cover close to the ground
for these forest formations (Grubb 1977, Grubb & Whitmore 1966). Using the
fog interception values as a measure of fog persistence, the results of this study
suggest that lower montane rainforest at the Central Cordillera of Panam4d can
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Figure 6. Variation in fog and rainfall interception with alttude in the Central Cordillera. In the upper
panel (A), annual fog interception is shown for the windward (open triangles) and leeward slopes (closed
triangles). In the lower panel (B), annual rainfall is shown for the windward and leeward slopes.

experience up to 16 times more fog (station 11) than a lowland rainforest
(station 1). Nevertheless, certain sheltered areas within the LMRF (stations 9
and 6) can have the same fog frequency as a lowland rainforest (station 12).
Variations of fog interception with different exposures within the LMRF were
also described for elfin cloud forest in Colombia and Venezuela (Cavelier &
Goldstein 1989). In these forests, there was a negative correlation between
annual rainfall and fog interception. The ECF with higher rainfall (El Zum-
bador at 3100 m) also had lower fog interception. Across the Central Cordillera
of Panam4, the negative correlation between rain and fog is weak (Figure 3).

Variation of fog interception with exposure to the prevailing winds

Exposure to the prevailing winds is a key factor in determining the frequency
of low clouds and values of fog interception. In general, fog interception was
more important on ridges than on slopes and valleys (Figure 2). In the case of
the Fortuna drainage basin (providing more than 50% of the electricity of the
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country), the forests on ridges seemed to play a key role in the interception of
cloud water in spite of occupving a small area (<10%).

There was an increase in fog interception with increasing altitude, and this
is more pronounced on the windward slope (Figure 6). On this side of the
mountain, clouds are blown against the vegetation from the bottom (Caribbean
lowlands) to the top of the mountain. This movement enhances the saturation
of the air, wind speed, the size of the cloud droplets and its water content (Riehl
1979, Strahler 1979). On the contrary, on the leeward side of the mountain.
winds blow downward moving clouds partially depleted in liquid water. These
downward and drier clouds encounter dry and hot winds moving from the
Pacific lowlands, resulting in further reduction in the potential for fog intercep-
tion. Increases in fog interception with increasing altitude and exposure were
also reported for elfin cloud forests along the Caribbean coast of South America
(Cavelier & Goldstein 1989). In Panamad, the Bromeliaceae on the windward
side of the mountain (receiving more fog) are less xeromorphic than those on
the leeward side (pers. 0bs., 1989). Furthermore, in wetter areas of the Fortuna
drainage basin, epiphyllous liverworts were more abundant than lichens that
in turn were more abundant in drier forests such as the semideciduous lowland
forest of Barro Colorado Island (Coley ef al. 1993). In ECF, leeward slopes
support fewer species and smaller populations of bromeliads than windward
slopes (Sugden 1982, Sugden & Robins 1979). In Ecuador, the species of Brome-
liaceae that are present on both sides of the Andes occur at lower altitudes on
the wetter eastern Andes (Gilmartin 1973). Thus, epiphytic and epiphyllous
vegetation can be used as an indirect measure of humidity and rainfall regimes
(Wolf 1993).

Although the potential role of tropical montane cloud forest in the hydrolo-
gical cycle has been discussed on several occasions (Bruijnzeel & Proctor 1993,
LaBastille & Pool 1978, Stadwmiiller 1987, Veneklaas 1990, Zadroga 1981),
actual data on fog interception is scarce. The values of fog interception meas-
ured in Panamd and in other sites using artificial fog catchers (Gioda et al. 1993),
should be scaled to estimate the real contribution of fog to the hydrological cycle
of the TMCF. This can be done by measuring canopy drip during rainless
perods (Cavelier & Goldstein 1989) or by comparison of amounts of canopy
drip with amounts of bulk precipitation (see Bruinjzeel & Proctor 1993 for
details). In the meantime, relative values are useful to identify the critical areas
where fog is being intercepted at a higher rate and, thus, may play a key role
in the water-budgets of high altitude drainage basins.

In Panamd, the Instituto de Recursos Hidrdulicos y Energéticos (IRHE) is
in charge of the conservation of TMCF at the Fortuna drainage basin that we
now know is very important for fog interception (at least on ridges) and for the
general stability of the region where most of the electricity for Panama comes
from. Fortuna could be declared a National Park and annexed to La Amistad
National Park. a park on the border with Costa Rica. Fortuna and La Amistad
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National Park are indeed two of the areas needed for the conservation of TACF
in Central America and the Caribbean (LaBastille & Pool 1978).
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