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ABSTRACYT. Fog interception and rainfall were measured during one vear in three elfin ¢loud
forests on small mountaing elong the Caribbean coast of South America and one in the Vene
zuclan Andes. {1} While rainfall increases from west to cast in the small mountaing along the
coast, fon in:"*'“ep“c.n decreases, In 1985, the total annusl rainfall and fog interception were
£33 mm and FU6 mm in the cloud forest of Serrania de Macwira, 1630 mm and 518 mm in
Cerre Santa Ang and, 2461 mem and 480 mm in Cerro Copey. In the Andean forest of E) Zum-
hador, th € 1935 rainfall was 19858 mirg and the anoual fog interception was only 72 mm. {2} Fog
fon seems to be an impartant source of water to the elfin cloud forests of the small
% which are surrounded by dry vegetation types and where the rainfall regime is highly
fﬂ Fog nmfce,atmr} tncreases with altitude {in the same mountain), exposure {wind-

3 ) nelination. 1 wese variations of fog interception could partially explain
the abscn'ed disir*b”"w} of epiphytic flora in some of these cloud forests,

REY WORDS: cloud forest, Colombla, fog interception, kesf angle, mist, mountain forests,
Neotroples, tropical mountains, water sourtces, Venezuela,

INTRODUCTION

On the wetter slopes of the highest tropical mountains, there is a continuous
forest cover from sea level to about 4000 m. Within the continuous lovest cover
it is possible to recognize four major formation tvpes: lowland rain forest
(LRF}, lower montane vain forest (LMRF), upper montane rain forest (UE\‘IR?)
and subalpine rain forest {Grubb 19771 These forests types seem to be related
to the frequency of cloud cover. While the LRF f:xpu; ences negligible fog, the
EMRYF has frequent fog and the UMRF has long persistent cloud cover close to
the ground {Grubb & Whitmore 19606). Although the montane forests are
associated with cloud cover, only the UMRY is usually called Cloud Forest:itis
characterized by the ubi.u'1r,hu'u,e of mosses and Hverworts which derive much of
their water from the clouds {van Reen 1983}, Some cloud forests are charac
terized by alow canopy less than 8 m high, gnarled and stunted trees which a
oiten stiltronted and heve thick and tough leaves. Some of these trees also
have branches pointing away from the wind (Beard 1944}, These particular
cloud {ovests may be regarded as the stunted facies of cither LMRF or UMRYF
(Grubb & Whitmore 1966} and will be referred to here as elfin cloud forests
(ECT) following Sugden {1982},
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310 JAIDME CAVELIER AND GUILLERMO GOLDETIIN

Although some research has been done on the climate {e.g. Bavnion 1968,
Grubb & Whitmore 1966, Huber 1986, Odum et ol 1970}, floristies (e
Howard 1870, Lawton & Dryer 1980, Steyermark & FHuber 1978, Sugden

1982, Tanner 1977), and phhmiog\ of the species in cloud forests {Cavelier
1986, Kapos & Tanner 1985, Medina ef el L9817} thereis little information on
the relative dependence of these forests on their two main water sourc es; cloud
water (fog interception) and rainfall {Baynton 1969, Vogelmann 1973). ‘Fog
interception’ is used here to refer to the small cloud dmp ets that do not settle
on herizontal surfaces and thus are not collected in a rain gauge. These droplets
ave blown by the wind against the vegetation where they coalesce to fonm
farger drops that vun off and fall to the ground (Chanery 1981).

The present research was designed to measure rain and fog interception in
three elfin cloud forests on small mountaing along the dryv Garibbean Coast of
South America and in one forest in the Andes of Venezuela, The study was
aiso designed to evaluute the mnportance of fog as a waler source in cloud
forests growing in relatively dry areas where rainfall is a highly seasonal and
unpredictable  water sowrce. Variations of fog interc ception with altitzde,
exposure and leal inclination are also considered.

MATERIALS AND METHODS

Study sites

Rainfall and fog interception were measured during one vear in four tz opical
elfin cloud forests. The ‘Caribbean’ sites are {a) Serrania de Macuira, Guajira,
Colombia {865 m}, {b) Cerro Santa Ana, Peninsula de Paraguana, Venezuela
(813 m}; and Cervo Copey, Margarita Isla m‘i‘ Venezuela (“b; m). The ‘Andean’
site was located in Bl Zumbador Forest {3100 m}, Estado Tachira, Venezuela
Figure 1}

The smail mountains are entively located within the South Caribbesn Drv
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Water sources in tropical cloud foresis 311
Zane (S gden 1982} where the average annual rainfall 15 less than 1000 mm
{Lahey 1958, Snow 18706}, In this area, rainfall is not enly scarce but also

I

uneven } distributed. At Macuira, the average rainfall in the lowlands is 450

mm per vear, with g short rainy season from mid September to the end of

November {Sugden 1982). At Santa Ana the rainfall regime is very similar to
that at Macuira, Af (-ﬂpf‘\;’ on the other side of the dry aren, the average rain-
tall on the lowlands is 600 mm. Rainfall s distributed bimodally with a main

rainy season from November to February and @ secondary rainy season from
July to E:,tfptembc:r (Andressen 1966}, In contrast to the CGaribbean cloud
forests, the Zumbador forest is in a very wet area -'Kt 2500 m, on the same

mountain of Ilé Zumbador, the annual average rainfall 1s 1125 mm with a very
topg rainy season from March 1o November {(Monasteric 1980), There is no
mformation available on vainfall on top of any of the mountains studied. The
highest station on Cerro Copey Is at 350 m. Here, mean annual precipitation
(1951-1981) 15 950 nun with a range of 222 mm 10 1900 mm (Sugden 1986

Along the Caribbean coast of South America, the atmoespheric humidity is
too low for coud formation, except where the air stream s forced up and
cocled by the slopes of the small mountains {Sugden 1982} During the day,
when the temperature is high and the relative humidity 13 low in the lowlands,
the small cumulus clouds formed on the windward side of the mountains
rapidly dissipate on the leeward; the cloud base is well above the nmountain
peaks and rarely envelops the forest. During late afternoon, when the tempera
ture inn the lowlands decreases, the cloud base drops covering the forests above
550 m, In El Zumbador, clouds usually envelop the forest early in the after
noon and dissipate during the night, The mean air temperature (derived from
seil temperature at —30 cm depth) in the cloud forest of Macuira at 700 m is
24°C, while in El Zumbader forest it is only 8°C ((Ld\ elier 19867,

To summarize: the ECF of Macuira, Santa Ana and Copey are in a very dry
ared where rainfallis scarce and unevenly c*liat*‘mu red. Clouds are usually present,
but envelop the forest mainly during the night. In contrast, the ECF of El
Zumbador 1s in a very wet arez where rainfall is aburzd.::m and evenly distribu-
ted. Clowds seem 1o cover the forest mainly during the afternoon.

The flora of Macuira has been studied by Rieger (1976) and Sugden {1982);
the flora of Santa Ana by Tamayo (1941} and the flora of Copey by Johnston
(1909}, Ortega (1982) and Sugden (1986). We are not aware of any study on
the flora of El Zumbador.

Measurements

Open-ended cylindrical fog catchers were made from plastic window sereen
of 40 mesh {open spacefs} per cm®. The cylinders, 8 em in dizmeter, protruded
8 cm above a funnel in which the cylinder was pldced This tyvpe of fog catcher
©hasbeen used to collect cloud water in the cloud forests of South Africa {Marloth
1904, 1907), Mexico {\-‘o-sgelmﬂnn 1973) and California (Oberlander 1956},
Rainfall was measured with plastic funnels, 8 cm in diameter, The rain gauge
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312 JAIME CAVELIER AND GUILLERMO GOLDSTRIN

without the screen eollects only rainfall, while the gauge with the screen collects
both rainfall and clondwater as the wind moves tny fog droplets into the mesh.
Volume differences between rain and fog collectors give a relative amount of
fog interception and non-vertical rainfall,

In order to compare the eificiency of the fog catchers with thar of the forest
as & whole, two 5 m by 5w pieces of polythene were set out on the forest floor
to collect throughfall (fog drip} and two fog catchers and funnels were posi-
tioned above the canopy to collect cloud water and rain, To estimate the

amount of fog driv per unit area, the collected water volumes were divided by

]

the area of the polythene multiplied by the cosine of the angle of the mountain
stope where the collectors were set up. These measurements were made in
Macuira from 30 December 1085 10 12 January 1986,

Measurements of fog interception were made in the ECF of Macuira to study
the variation in fog interception with changes in altitude and topography, Firstly,
to study the variation in fog interception with altitude, fog-catchers and rain
gauges were set up at 600 m, 650 m und 750 m on the windward ndge of the
mountain, Measurements were made on a daily basis from 25 December 1u85
to 13 January 1986. Secondly, to study the variations of fog interception with
exposure, collectors were placed on a windward and leeward side of 4 gully at
630 m and on 2 windward slope at 700 m. These measurements were made on
uine days in July 1984,

Rainfall and fog interception were measured throughout a 12-moenth period
(1984-1985) in the ECF of Serrania de Macuira, Cerro Santa Ana, Cerro Copey
and Bl Zumbador, Because of the remoteness of the S1L€s, measurements were
made every fortnight in all forests except Copey, where the information was
gathered every five days. The rainfall in EI Zumbador during July and August
1985 was estimated from the aversge rainfall at 9500 m on the same mountain
{Monasterio 1980), since the rain gauges were stolen,

In order to study the effect of leaf angle on fog interception, the following
experiment was established. Leaves of Eugenia procera and Rapanea guranensis,
les between 0% and 006°, With a spravgun, thin
ainst the leaves. The intercepred water was

were mounted with wire ar o

collected in small vials located directly below the leaves, The results ave given
as percentage ol the water collected in leaves at 80 (verticall.

RESULTS

Estimation of throughfall volimes

In a 13-day period in the ECF of Serrania de Macuira, the fog-catchers on
the forest canopy collected significantly more water than the cellectors on the
forest floor. At 700 m, fog interception {fog-catchers) was 3909 cm?® and
throughfall was only 16.9 mm: in other words, 350 cm® in the fog-catcher
corresponds to 1 mm of throughfall. This value must be an underestimate of
the wotal cloud water collected by the forest because wunk flow was not raken

o fhe rate Tl S

Nt acCount. Assuming that trunk flow is on aveesse |
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5o

1963}, & conversion factor of 318 em? {fog-catcher) to I mm {throughfall} will

be

HeH

used here to scale the values obiained in the fog-catchers,
riation of fog intercepiion with topography

Fog interception incressed with altitude and exposure. in a 20-day period,
1

fog interception was 47 mm at 750 m and only 17 mm at 600 m. Using the
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Figure 4. Daily rainfall during eight vears in Nazareth {85 mj 5 km north of Serania de Macuirs, Hori-
zonial d amad lines represent periods with no rainfall measurements, Data from HIMAT, Colomibia,

relationship between altitude and fog interception one could estimate the sleva-
tion at which interception of cloud water ceases (Figure 2), The low limit a
5153 m (“(}“?‘t‘S}?!!‘)"it‘iS to the boundary between the dry deciduous forest and the
elfin cloud forest placed by Sugden {1982 at 5300 m te 530 m.

While fog mterugt 1 is aimost a daily feature of the weather in the cloud
forest, rainfall is much rarer. At 600 m 1t onf\ ained on four out of the 20 days



=
oy
L

Water sources in tropical cloud forests

ALTITUDE {(m)

FOG INTERCEPTION {mm)

L R,

i
oLEeweE Ses |

3 8 Y s 1 3 5 T ® b3 o8 7 @
JULY 1984
Cigure 5. Deily fog interception on x leeward sivpe {A) and windward slopes (5 . T in the elfin cloud

orest of Serranis de Maculra, The artows in the ur pper parel, represerst the "’JS«E’[\‘E‘d cloud flux in the
gully where measurements were made,

negry

=,

of measurements and ne u*r)c;pxmtluﬁ was recorded on nine consecuiive davs.
At 750 m the number days with rainfall increased to eight, and six consecu-
tve days had no Lumtu} at 2l (Figure 3} Thie daily water supply of cloud

IIWCYCL“pU(W conirasts with the highly seasonal and

waler by means of fo
1

ainfell vegime of the susrounding lowlands (Ficure 4).

variable

In 2 nine-day peried in July 1984, fog mterception was 2.5 times higher on

a windward s iﬂpe than on a ‘;e:r:amyc;i siope. This difference could be explained

in terms of the observed clond flux pattern on slopes and gullies in the cloud
5.

/

4

forest (Figuore -

G

Rain and fog interception in the .é{ra’es and Caribbean mountains

There is a positive gradient of rainfall from west (o east on top of the moun-
tains of the Caribbean dry zone of Colombia and Venezucls During 1985, total
annual raindall was 853 mm in Macuira, 1630 mm in Santa Ana md 4461 mm
in Copey. While the rainfall increases towards the east, the total fog miereep-

tion decreases in the same direction. The annual £ fog interception was 796 mm

o

o

Macuira, 51

mm in Santa Ana and 480 mum in Copev, In the Zumbador
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ate dingrams (foilowing Walter & Leith 1964) of the study sites using only rainfall {a),
T interception (B

forest, the anpual fog interception was only 72 mm. Here, rainfall was also
lower than in some of the Caribbean study sites, but given the lower tempera-
tures in El Zumbador, the 1938 mm of rain were cnough to compensate the
refatively small evaporative demands.

i the aridity is estimated for the forests using the climate diagrams sensu
Walter & Leith (1964), where the average monthly air temperature in °C and
rainfall in millimetres are in the proportion 112, there are five dry months in
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Macuira, two in Santa Anae and one in El Zumbadoer. However, when fog inter-
ception is added to rainfall, there is no dry season in any of the forests (Figure
§). The contribution of fog to the monthly water supply varies a great ceal
between wet and dry seasons. During the driest month, fog interception repre-
sents 6%% of the water supply in Macuira, 66% in Santa Ana and only 5% 1n
Copey. During the wettest month, fog accounts for 35% of the water income
in Macuira, 19% in Sania Ana and only 6% in Copey. In the Andean forest of
El Zumbador, cloud water accounts for 3% of the water supply during the
rainiest month and up to 19% during January, the driest month of the vear
(Figure 7). It is clear that in the tropical cloud forests studied, fog interception
is an bmportant source of water for tree growth, particularly in the elfin cloud
forests of the small mountaing which are surreunded by dry vegetation types.

Leaf angle and fog interception

There is an increase in fog interception with increasing leaf angle {Figure 8),
The experimental data it well the cosine of the leaf angle, suggesting that the
amount of warer collected is a function of the projected arca of leaves at dif-
ferent angles {i.e. leaves with steeper angles have more exposed leaf area for fog
interception).

DISCUSSION

Since the beginning of the century, the use of rain gauges with a fog collector
attached to them has been a common technigque to measure fog interception
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(Marloth 1904, 1907). Inrecent vears, however, more sophisticated instruments
like the Celtech Rotating Arm Collector and filter papers have been introduced
to measure the droplet size distribution and potential deposition rates (Chylek
1987, Jacob et al 1984}, Nevertheless, the essen problem of relating the

results given by sophisticated or primitive cloud collectors to cloud water cap-
tured by an actual canepy s still unresolved, More recently some models have

nial
1.
slie

been intraduced 1o estimate both gross and net deposition and to examine how
they respond to changes in meteorclogical and canopy structure parameters
(Lovett 1981}, The ideal solution to the problem woul Id be to measure the rate
of water deposition to the forest flaor as throughfall and stemflow during the
cloud events and refate these volumes to the resulss given by artificial collectors,
In this study we measured fog interception in four tropical elfin cloud forests
by means of fog catchers attached to rain gauges. With the throughfall (fog
drip] and fog mmrc:sp ion measurements in Macuira, a preliminary attempt has
been made to relate clowd water volumes collected by foz catchers to wate
volumes collected by tree canopies. These volume estimates should be taken as
a {irst quantitative attempt in understanding the potential contribusion of fog

to the hydrological balance of the ECF, since no stemflow measurements were
made and canopy structure varies from forest to forest,

Variation of fog interception with topography
In the ECF of \Lu,t:;f:i, fog mterception increases with aititude. This dif.
b
ference can be attributed to the increase in wind speed with ale atude, the daily
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period of cloud cover and the ncrease in the number, and probably the size,
of cloud water {ira.i{:ts The increase of fog interception with altitude and
exposure could partially explain the variation of habitar within the cloud f{";;‘f:%t'

fewer species and smaller populations of bromelinds than do sheltered rid
or windward slopes (Sugden 1982, Sugden & Robins 1579).
In Macuira, there is a strong correletion between the altitude at which no

shown by the {115L1“}bt,mon of ﬁpmi wviesy leeward slopes and gullies suppor
Jo
ix

interception is expected and the lower Hmit of the EOF (Figure 2). This asso-
ciation of the lower limit of the clouds with the lower limir of a given forest
type has been observed in New Guinea {Brass 1941, 19 56}, in the Andes {Bates
1948, Grubb & '\i?hi‘;:zz'm}re 1966) and in Mexico {V D"’Lh"h*}ﬂ 14973) among
others. It has been suggested that the distribution of tropical montane rain
forest types is reéatfd to the frequency of fog cover (Grubb & Whimore 1966

Rain and fog interception in the Caribbean and Andean foresis

Sugden {1986} has suggested that cloud cover on the small mountains along
the Caribbean coast of South America, increases humidity and offsets the
ughly seasonal rainfall regime. The results of our staedy support this hvpothesis
in the BECF of Macuira and Santa Ana, and to a lesser extent in the cloud forest
of Cerro Copey, where the monthly rainfall is refatively high, The 1985 rainfall
in this forest could be significantly higher than the annual average, Sugden
{1986} observed that the annual rainfall in the surrou dings of Cerro Copey is
g

e

Iv variable,

The unpredictable showers, the highly seasonal rainfalj regime, and the rain-
fall variation from vear to vear around Serrania de Macu ma, Cerro Santa Ana
and Cerro Copey, contrast with the regularity of cloud cover and water supply
by means of fog interception, During several consecutive weeks, Tog intercep-
ton may be the only water source for these evergreen forests, There was no
rainfall for up 1o six consecutive days in Macuira during the 1986 rainy season,
while fog mtfrcepﬁon occurred every day {Figure 3. 1 fog interception were
not the m&j or source of available water for plants, trees and other species in the
ECF would be de ;}endcn on water supplied by scattered showers. In Macuira,
daily evaporative demands range from L7 mm o 3.6 mm on a sunny day
{Cavelier 1986),

One of the findings of this study was that the importance of fog as a water

_ ‘»

source increases as rainfall decrease s {Figure 7). Little water s supply in the form
of fog interception has F)Lm rmeasured on Pico del Oeste in the mountains of
Puerto Rico {Baynton 1969} In this region of abundant rain, fog is of minor
the total
water input. In contrast, high fog interception during drv months has been

inportance as a water supply since it accounts for less than 10% of
observed in the cloud forest of eastern Mexica (Vogelmann 1973},

Mist and fog interception measurements are scarce and difficule to compare,
given the great variability of sereens used in the fog-catchers. The maost suitable
data for comparison are the throughfall measurements after 2 cloud event, In
Macuira, the maximum cloud water deposition was 2.4 mm per night which is
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in the "arxg* of values found in other tropical and temperate forests (Ekern
1964, Oberlander 1956, van der Welf 1978},

Possibic physiological implications of cloud water

One of the most striking resulis of this study Is the small volume of water
collected by the fog catchers in the Zumbador forest as compared o the Carib-
bean sites. This could be e\piaimd i terms of smaller droplet size distribution
and Eiqaid water content 1n the stratiform clouds which predominate in the
high Andes (Andressen 1978, Grubb & Whitmore }009} as compared to the
cumuliform clouds involved in the Caribbean mountains, Fog interception in
the ECF of Macuiva, Santa Ana, and fo 2 lesser extent in Cerro Copey, occurs
mainly during the night and seems to be an Important water supply for these
forests. In El Zumbador, fog is intercepted by the vegetation mainly during the
afterncon and early night, but 11 deposits Httle water on the foliage. Leaves are
rarely wet during the day in the forest of Macuira and Santa Ana, while the
leaves in the species of El Zumbador are usually wet. It is possible that perma-
nently wet leaves would experience lower transpiration and CO, fixation,
reducing the wowal carbon gain. This could partially explain the reduction in
tree stature in upper montane rain forest in hi fh tropical mountains. On the
cther hand, the low stature in the cloud forests of the small Caribbean moun-
tains could be the result of high wind speed and low nutrient availability, par-
ticwlarly phosphorus (Cavelier 19863,

The steep angle of the upper leaves in the canopy of tropical trees has been
considered as a drought avoldance mechanism {(Medina 1983). The leaf inclina-
tion would reduce the absorbed radiation per unit leal area during rare sunny
periods in cloud forests, avoiding overheating due to stomatal closure at moderate
water deficits (Medina ¢t ol 1981} On the other hand, leaf inclination also
mncreases the efficiency of fog interception {Figure 8). If leaf inclination has
been selected to inerease fog interception, one would expect to {ind steeper
leal angles in the cloud ferest where fog 15 an mmportant water source. Since
the species in the Andean forest of El Zumbador, where fog interception repre-
sents only 5.6% of the total water supply, also-huve very steep leaf angles, this
character may be of secondary impertance in increasing fog interception, its
primary importance being a mechanism to avoid high radiation loads.
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