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A W t -  Cloud water, mist and precipitation samples were collected at two sites in a tropical montane 
forest (TMF), Monteverde, Costa Rica. Cloud water, mist and winddriven (u 3 2 ms-I) precipitation 
samples were collected with passive cloud water-type collectors, and precipitation at low windspeeds 
(u < 2 m-') was sampled with a bulk precipitation-type collector. concentrations of H+. NO;, and NH f 
in cloud water were 132 f 150, 103 f 85 and 149 f 200 pnolt- '  (mean f 1 S.D., n = IS), respectively. 
Concentrations of NO;, NHf , Ca2+ and K+ in cloud water samples collected at the middle and end of the 
dry season, which corresponded to biomass burning activities in the region, were si&antly greater when 
compared to those collected early in the dry season. The mean concentration of H+ in cloud water at 
Monteverde was lower, but concentrations of NO; and NH f were within the range of t h w  collected at 
a number of montane sites in North America (62-195 pnol NO; C-' and 74-184 pnol NHf /-I). Ion 
concentrations in mist were 2-24 times greater than those in both categories of precipit+ion. Ion 
concentrations in both categories of precipitation were generally within the range of those reported in bulk 
precipitation from other tropical prcmontane and TMF sites. 0 1998 Published by Elsevier Science Ltd. 
All rights reserved. 
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Cloud water and precipitation chemistry has been 
the focus of considerable research over the last two 
decades at temperate montane forest sites (e.g. Lovett 
et al., 1982; Dollard et al., 1983; Fowler et al., 1988; 
Weathers et al., 1988; Mohnen and Kadlecek, 1989; 
Johnson and Lindberg, 1992; Mohnen and Vong, 
1993). These investigations indicate that ion concen- 
trations in cloud water are typically 3-10 times 
greater than those in precipitation, and high concen- 
trations of H+,  NO ;, NH: and SO:- in cloud water 
and precipitation have been linked to anthropogenic 
emissions of NO,, NH3 and SOz (Warneck, 1988; 
Irving, 1991). Because rates of ion deposition are 
partially a function of cloud exposure, they are often 
greater in montane forests when compared to forests 
at lower elevations (Lovett and Kinsman, 1990; Vong 
et al., 1991; Johnson and Lindberg, 1992; Miller et al., 
1993; Asbury et al., 1994). High rates of H', NO;, 
NH f and SO:- deposition potentially lead to forest 

-- 
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decline, N saturation and acidification of soils, and 
relatively high concentrations of NO, and H +  in 
surface waters (Schulze, 1989; Aber, 1992; Johnson 
and Lindberg, 1992; Stevens et al., 1994; Dise and 
Wright, 1995). 

Less information is available for cloud water and 
precipitation chemistry at tropical montane forest 
(TMF) sites (Steinhardt and Fassbender, 1979; 
Weathers et al., 1988; Veneklaas, 1990, Asbury et al., 
1994; Gordon et al., 1994). However, changes in land 
use practices and increased combustion of biomass 
and fossil fuels have led to an increase in the emissions 
of nitrogen oxides ( N 2 0  and H 0 )  and ammonia 
(NH,) at tropical latitudes (Talbot et al., 1988; Crut- 
zen and Andreae, 1990; Keller et al., 1991; Galloway 
et al., 1994; Galloway, 1996; Thompson, 1996). Re- 
ports from lowland sites have indicated regional ef- 
fects of biomass burning on precipitation chemistry 
(Lewis, 1981; Kellman et al., 1982; Hendry et al., 1984; 
Andreae et al., 1990) and on air chemistry (Andreae 
et al., 1988a; Artaxo et al., 1988, 1990). Conversion of 
forests to pasture and croplands may also lead to 
increased emissions of NzO, NO, and NH,, parti- 
cularly where N fertilizers are used (Davidson et al., 
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1991, 1993; Hutchinson and Brams, 1992; Keller er al., 
1993; Hall rt a/.. 1996). These activities potentially 
lead to  greater concentrations of H '. NO; and NH: 
in cloud water and precipitation in TMFs ,  but few 
measurements have been reported. The objective of 
this study was to  characterize the concentrations 
of H', NO;, NH;, and other major ions in 
cloud water, mist, a n d  precipitation a t  a TMF site a t  
Monteverde, Costa Rica. 

M E T H O D S  A N D  MATERIALS 

Site description 
Cloud water. mist, and precipitation samples were col- 

lected at two sites in the Monteverde Cloud Forest Reserve 
(MVCFR) in the Cordillera de Tilaran, in west central Costa 
Rica (10'18 N, 84'48 W). Slopes and ridges in the MVCFR 
are similar to those. of other tradewipd-dominated montane 
forests in terms of climate and forest physiognomy (Lawton 
and Dryer, 1980; Nadkarni et al.. 1997). Three distinct sea- 
sons are differentiated primarily by the seasonal migration of 
the intertropical convergence zone: (I) a dry season (mid- 
January to April), characterized by moderate northeasterly 
tradewinds and wind-driven cloud and mist, (ii) a wet season 
(May to October), characterized by convective precipitation, 
and (iii) a transition season (November to mid-January), 
characterized by strong tradewinds and wind-driven precipi- 
tation and mist. Mean annual precipitation depth measured 
ca. 2 km NW from the MVCFR headquarters between 1959 
and 1995 was 2519 mm, but wind-driven cloud water and 
precipitation inputs were underestimated (J. Campbell, pers. 
communication). Mean monthly minimum and maximum 
temperatures ranged between 13.9 and 16.5"C. and between 
17.6 and 21.l0C during October 1991 to September 1992, 
respectively (Clark, 1994). 

The two study sites are in the tropical lower montane 
wet-forest zone (Holdridge, 1967). and have been further 
classified as windward cloud forest (WCF) and leeward 
cloud forest (LCF) (Lawton and Dryer, 1980). The WCF site 
is located on the continental divide, ca. 2.2 km southeast of 
the MVCFR headquarters, and the LCF site is located below 

the continental divide, ca. 1.0 km south of the MVCFR 
headquarters. Elevation of the WCF and LCF sites are 1460 
and 1480 m, respectively. Immersion in a hill cap cloud 
occurs more frequently at the WCF site. 

Cloud water, mist and precipitation sampling 

Samples collected during non-precipitating cloud immer- 
sion conditions, where visibility was reduced to G0.5 km 
and there was no deposition to a standard rainfall gauge, 
were defined as "cloud water" (Table 1). Samples collected 
during precipitating cloud immersion conditions were de- 
fined as "mist". Precipitation samples collected during peri- 
ods of minimal cloud immersion were separated into two 
categories; samples where mean windspeed (u) 2 2 ms- ' ,  
and samples where u i 2 m s- '. Precipitation samples col- 
lected when u 3 2 m s - '  typically originated from stratus 
cloud, and those collected when u < 2 m s -  ' typically orig- 
inated from cumulus or stratocumulus cloud (Table I). 
Cloud water, mist, and precipitation events were delimited 
by at least 12 h without measurablecloud water or precipita- 
tion on the basis of meteorological data, corroborated by 
visual observations. 

Cloud water was collected at the WCF site with Atmo- 
spheric Sciences Research Center (ASRC) passive cloud 
water collectors (Falconer and Falconer, 1980). Collectors 
(30 cm tall, 10 cm dia.) consisted of acrylic plastic frames 
with ca. 100 Teflon monofilament lines (0.05 m diameter) 
strung vertically between the top and base of the frames. 
Collectors were rinsed with an excess of deionized water and 
then soaked in deionized water overnight before use. They 
were transported to the site in new polyethylene bags and 
connected to clean (washed with 0.1 M HCI and rinsed 5-10 
times with deionized water) polypropylene funnels (I6 cm or 
19.5 cm dia.) and collection bottles. Collectors, funnels, and 
bottles were mounted on a PVC plastic frame 2.5 m above 
the floor of an observation deck. Following cloud immer- 
sion, polyethylene bags were removed from collectors and 
the first 10-20 ml of sample was discarded. Samples were 
transferred to clean polypropylene bottles and stored in 
a cooler at the site, and transported to the laboratory daily. 
Samples collected during intermittently dry periods when 
%loud base lifted were discarded. 

Passive cloud water collectors were used to collect mist 
and precipitation during events where u > 2 ms- '  at both 
sites (Table 1). At the LCF site, a cloud water collector was 

Table 1. Meteorological conditions, collector type, number of events, and number of samples or 
subsamples collected at the WCF and LCF sites by event catagory 

Event category 

Precipitation 

Cloud water Mist 11 3 2 ms-' u < 2 ms-I 

Mean windspeed (m s- ') 2 2 3 2 3 2  < 2 
Cloud immersion Yes Yes No No 
Precipitation No Yes Yes Yes 
Collector type ASRC cloud ASRC cloud ASRC cloud Bulk 

collector collector collector precip. 
Location WCF WCF,LCF WCF,LCF LCF 
Duration of 1-12 1-72 1-72 24-72 

sampling period (h) 
Number of events 15 32 54 68 
Number of samples 34 44 76 47 

or subsamples 

Note: Sampling dates for the WCF site: 15 Apr. 1988 to 20 May 1988,' 31 Dec. 1990 to 6 Jan. 1991.7 Jan, 
1992 to 11 Jan. 1992. 17 Feb. 1992 to 21 Feb. 1992." 21 Apr. 1992 to 24 Apr. 1992;'"a" indicates sampling 
during periods of biomass burning activity. Sampling dates for the LCF site: 15 Apr. 1988 to 20 Jun. 1988, 
15 Apr. 1989 to 23 Jul. 1989, 11 May 1990 to 25 May 1990, 30 Sep. 1991 to 29 Sep. 1992. 



Cloud water precipitation chemistry 1597 

mounted at 17 m height on a 27 m meteorological tower in 
a large gap in the forest and accessed with a rope and pulley 
system. Some of the mist and precipitation samples were 
"bulk" samples because collectors were exposed to dry de- 
position for up to 72 h before the onset of an event, and 
samples were collected no later than 72 h after the onset of 
mist or precipitation. Precipitation during events where 
u < 2 m s -  ' was sampled with a bulk precipitation-type col- 
lector at the LCF site only (Table I). The collector (16 or 
19.5 cm funnel dia.) was mounted 3 m above the forest floor 
in a large gap in the forest (1988, 1989, 1990) or at 17 m on 
the meteorological tower (1991, 1992). Some of these samples 
were also "bulk  samples, and they were collected no later 
than 48 h after the onset of precipitation. Mist and precipita- 
tion samples were transferred to clean polyethylene bottles, 
and the collectors, funnels and bottles were either rinsed 
three times with an excess of deionized water or replaced. 

~eeteorolo~ical variables 
A tipping bucket raingauge (Model #2501, Sierra Misco 

Environmental Ltd., Victoria, B.C.) mounted at 12 m on the 
tower was used to determine hourly precipitation depth and 
event duration at the LCF site in 1991-1992. A 3cup anemo- 
meter (Model # 12602, R. M. Young Co., Traverse City, 
Michigan) mounted at the top of the tower was used to 
measure windspeed. Instruments were recorded with an au- 
tomated data logger (Easy Logger Model EL824-GP, Omni- 
data Inc., Ogden, Utah). 

Chemical analyses 
Within 24 h of collection, pH was determined on unfil- 

tered subsamples (Corning model # 120 pH meter; Orion 
915600 probes calibrated with Fisher pH 4.00 and 7.00 
standards) in the laboratory. Remaining subsamples were 
filtered through Gelman AE 0.45 pm pore size filters that 
had been rinsed with deionized water with a polypropylene 
syringe and stored at 4°C. Nitrate and NH 2 analyses were 
performed on a Sequoia Turner 340 calorimeter equipped 
with a semi-automated flowcell assembly within two weeks 
of collection for most (>90%) samples (Table 2). Potassium 
(K'), calcium (Ca2+), magnesium (Mg2+), and sodium 
(Na') concentrations were determined using standard pro- 
cedures on a Perkin Elmer Model 603 atomic absorption 
spectrophotometer at the Analytical Research Laboratory, 
University of Florida (Table 2). Lanthanum additions (ca. 
5 mmol t -  I) were used to reduce interferences during Ca2+ 
and Mg2+ determinations. 

Data analyses 
Volume-weighted mean ion concentrations were cal- 

culated for samples collected within each event. Arithmetic 
means and standard deviations were then calculated for 

cloud water events. and volume-weighted mean ion concen- 
trations were calculated for mist and both categories of 
precipitation. Correlation coefficients (Pearson's product- 
moment) were calculated for ion concentrations in cloud 
water, mist and both categories of precipitation. Wilcoxson 
two-sample nonparametric tests (Sokol and Rohlf, 1981) were 
used to detect differences in ion concentrations ip cloud water 
among transition season to early dry-season and middle-to- 
late dry-season sampling periods. Prior to statistical ana- 
lyses, data were tested for normality and homoscedasticity of 
group variances. All statistical analyses were performed us- 
ing SYSTAT statistical packages (SYSTAT, 1992). 

RESULTS AND DISCUSSION 

Cloud water 

Mean concentrations of H+,  NO; and NH: in 
cloud water were 7, 14, and 17 times greater than 
those in precipitation from events where u 2 2 m s-  ', 
and 10,30, and 45 times greater than those in precipi- 
tation from events where u < 2 ms-', respectively 
(Table 3). Mean concentrations of Na+ and Mg2+ 
were much greater in cloud water when compared to 
those in both categories of precipitation. The molar 
ratio of Na' and Mg2+ in cloud water was similar to 
that in sea water (0.137 + 0.015 (mean f 1 S.D.) vs 
0.123). indicating that these ions originated primarily 
from wind-driven marine aerosol (Blanchard, 1983). 
In contrast, Ca2+ and K +  were relatively less en- 
riched in cloud water when compared to mist and 
both categories of precipitation (Table 3). With the 
exception of H +  and the other ions, all ion pairs in 
cloud water were positively correlated (P < 0.05 or 
0.01; Table 4). There was little relationship between 
H +  and NO;, and the relatively high concentrations 
of NH f in cloud water suggest that H+ was partially 
neutralized by NH3. In addition, free acidity in cloud 
water and precipitation at remote tropical sites may 
be largely controlled by weak organic acids rather 
than by mineral acid concentrations (Keene et al., 
1983; Andreae et al., 1988b; Weathers et al., 1988; 
Talbot et al., 1990a; Sanhueza et al., 1992), but we 
did not measure these. Precipitation acidity may also 
be locally controlled by vulcanism at remote sites 
(Kellman et al., 1982; Veneklaas, 1990), although there 

Table 2. Analytical methods, detection limits, and precision for ion analyses 

Detection Analytical 
limit' precisionb 

Ion Analytical method (pmol L-  I) Reference 

NO; Cadmium reduction column 0.5 4.3 Mackereth et a/. (1978) 
NH: Indophenol blue 1.1 2.4 Harwood and Kuhn (1970) 
K+ Flame Emission 1.3 2.0 Instrument manual 
Ca2+ Atomic Absorption 3.0 5.0 Instrument manual 
Mg2+ Atomic Absorption 2.1 2.0 Instrument manual 
Na+ Flame Emission 2.2 2.0 Instrument manual 

'Detection limit is two times the standard deviation of the mean of deionized water blanks analyzed 
throughout the study. 

bAnalytical precision is two times the standard deviation of the mean/mean x 100 of medium concentra- 
tion standards analyzed throughout the study. 
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Table 3. Ion concentrations (mean pmol P- 1 S.D.; n = 15) in cloud water, and volume-weighted mean ion concentrations 
in mist (n = 32). precipitation where mean windspeed (u) 3 2 ms-I (n = 54), and precipitation where mean u > 2 ms-'  

(n = 47). (ranges are in parentheses; MI = below detection limits) 

Ion concentration (@molt'-') 

Sample type 

Cloud water 

Mist 

Precipitation 
u 3 2 m s - I  

Precipitation 
u <2rns- l  

NO; 

Table 4. Correlation matrices (Pearson's product-moment) for ion concentrations in (i) cloud water (n = IS), 
(ii) mist (n = 32). (iii) precipitation where mean windspeed (u) 3 2 m s-I (n = 54), and (iv) precipitation where 

u<2ms- ' (n -47)  

H+ NO; NH f Na+ Mg2 + Ca2 + K+ 

i. Cloud water 
H + - 
NO, 0.139 
NH f 0.362 
Na+ -0.250 
Mg2 + - 0.266 
Ca2 + -0.177 
K+ -0.038 

ii. Mist 
Hi - 
NO; -0.151 
NH f 0.048 
Na+ 0.022 
MgZ+ 0.041 
Ca2+ -0.301 
K+ -0.190 

Precipitation, u 2 2 ms-I 
H+ - 
NO; -0.086 
NHf 0.102 
Na+ -0.019 
Mg2 + -0.067 
Ca2 + -0.063 
K' -0.128 

Precipitation, u < 2 ms-'  
H + 

- 
NO; 0.41 I b  
NH: 0.443b 
Na+ 0.072 
Mg2 + 0.099 
Ca2 + 0.196 
K + 0.362' 

Significance levels: 'P < 0.05, bP < 0.01 

are no active volcanic centers directly upwind from the transition season and in the early dry season 
the WCF and LCF sites. (December and January) (P < 0.05; Fig. 1). Cloud 

Cloud water samples collected during the middle water sampling periods during the middle and end of 
and end of the dry season (late February to mid-May) the dry season coincided with obvious atmospheric 
had greater concentrations of NO ;, NH t ,  Ca2 +, and haze layers, presumably due to the burning of agricul- 
K' when compared to those collected at the end of tural and forest biomass, and grey to black particles 
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gases and particles derived from biomass burning 
activities (Andreae et al., 1988a; Crutzen and Andreae, 
1990; Lobert et al., 1990). 

Concentrations of H', NO;, and NH: in cloud 
water at Monteverde were 5.5, 1.7, and 4.7 times 
greater than those in cloud water at Puerto Rico, 
respectively (Weathers et al., 1988; Asbury et al., 1994; 
Table 5). Hydrogen ion concentrations in cloud water 
at Monteverde were generally lower than those in 
cloud water at temperate montane sites in North 
America, while NH: and NOB concentrations were 
similar. Marine-derived ions also accounted for a ma- 
jority of the Na+ and MgZ+ in cloud water at Puerto 
Rico, but were very low at the temperate montane 
sites in North America (Weatherset al., 1988; Asbury 
et al., 1994; Table 5). 

H' NO; NH,' K' Caa* Na* Mga' 

ion Mist and precipitation 

Fig. 1. Ion concentrations (mean -01 d -  ' f 1 SE) in cloud 
water collected at the late transition to early dry season 
(December and January, open bars, n = 7 events) and middle 
to late dry season (late February to May, closed bars, n = 8 

events). * = P < 0.05, Wilcoxson two-sample tests. 

were noted on cloud water collectors and on Gelman 
AE filters following sample filtration. It is likely that 
ion enrichment in cloud water samples collected dur- 
ing these periods resulted from the incorporation of 

In general, volume-weighted mean ion concentra- 
tions in mist and precipitation were inversely propor- 
tional to precipitation intensity; ion concentrations in 
mist were 1.6 (H') to 5.1 (NH;) times greater than 
those in precipitation from events u 2 2 m s- l, and 
2.2 (H') to 23.5 (Na') times greater than those in 
precipitation from events where u < 2 ms- (Table 3). 
Concentrations of H+,  Ca2+ and K+ were relatively 
less reduced than those of the other ions in precipita- 
tion from events where u < 2 ms-l,  suggesting that 

Table 5. Cloud water chemistry (mean pmol d - ' )  at montane forest sites in Northern South, 
Central, and North America 

Ion concentration (pnol d - ' )  

Location H +  NO; NHf Na+ MgZ+ CaZ+ K+ 

Tropical sites 
Caracas, 23 94 177 64 9 29 9 
Venezuela' 9 3 1 80 62 8 10 5 
Pico del Oeste, 20 60 32 650 85 63 25 
Puerto Ricob.' 28 64 32 397 44 31 13 
Monteverde, 132 103 149 365 63 35 31 
Costa Ricad 

Temperate sites 
Whiteface Mountain, 122 62 74 3 3 I1 3 
New York'.' 274 115 124 - - - - 

Shaver Hollow, 171 94 93 - - - - 
205 155 84 13 2 5 3 

Mnt. Moosilauke, 263 132 107 - - - - 
New H a m p ~ h i r e ~ ~ ' , ~  270 180 102 32 19 10 I1 

288 195 108 30 - - 10 
Mnt. Mitchell, 335 130 175 - - - - 

398 174 184 North CarolinaE.' - - - - 

'Gordon et a/.  (1994); Dry season samples collected at Pico del Avila and Altos de Pipe. 
bWeathers et a/ .  (1988). 
'Asbury et a/.  (1994). 
dThis study. 
'Miller et a/ .  (1993); 4-yr liquid water content-weighted means. 
'Mohnen and Kladekek (1989); 5-yr mean of summer'values. 
'Mohnen and Vong (1993); 3-yr mean of warm clouds. 
hSigmon et a/.  ( 1989). 
'Schaefer and Reiners ( 1990). 
'Lovett er a/.  (1982) 
' Aneja et al. (1992). 



K. L. CLARK er al. 

sources of these ions exist through the wet season. 
Buffering of H +  concentrations in precipitation by 
weak organic acids is probable. Calcium and K+ in 
precipitation from events where u < 2 m s- ' were 
possibly due to the release of particles from the forest 
canopy, and/or from soil (Crozat, 1979; Artaxo et al., 
1990; Talbot et al., 1990b). With the exception of 
H +  and the other ions, all ion pairs in mist and 
precipitation from events where u 2 2 ms-' were 
positively correlated (Table 4). In contrast, H +  was 
positively correlated with NO;, NH;, and K +  in 
precipitation from events where u < 2 m s- '. Concen- 
trations of NO;, NH:, and to a lesser extent Ca2+ 
and K +  in precipitation from events where 
u < 2 ms-'  declined rapidly through the three wet 
seasons monitored, which is similar to patterns re- 
ported for other 'tropical sites (Lewis, 1981; Kellman 
et al., 1982; Hendry et al., 1984). Decreases in ion - concentrations are presumably due to the washout of 
atmospheric gases and particles, and reduced agricul- 
tural burning activity as the wet season progresses 
(Lewis, 1981; Andreae et al., 1990, Crutzen and 
Andreae, 1990). 

Most volume-weighted mean ion concentrations in 
both categories of precipitation were intermediate 
when compared to values from other tropical 
premontane and TMF sites in Central and Northern 
South America (Table 6). Nitrate and NH: wncen- 
trations in precipitation from events where 
u 3 2 ms-'  were greater at Monteverde when com- 
pared to those in wet deposition in El Verde, Puerto 
Rico, and in bulk precipitation in Turrialba, Costa 
Rica, but were similar to those collected in bulk pre- 
cipitation in Piw del Oeste, Puerto Rico. Ammonium 
concentrations were much greater in bulk precipita- 
tion in Santa Rosa de Cabal, Colombia (Table 6). 

The relatively high concentrations of NO; and 
NH: in cloud water and mist reported here suggest 
that emissions of NO,, NH3, and particles containing 
NO; and NH: are considerable upwind from 
Monteverde during the dry season. Because no major 
urban areas or industrial sources of NO, or NH, exist 
in the predominant wind direction, emissions likely 
originated primarily from forest and agricultural eco- 
systems. The burning of vegetation typically results 
in considerable loss of N and other ions from the 
site (Ewe1 et al., 1981; Crutzen and Andreae, 1990; 
Kauffmann et al., 1993,1994). Plant tissue N is volatil- 
ized as NO, NH3, HCN, and other organic N com- 
pounds, and released as particles containing N and 
other ions (Lobert et al., 1990, Kauffman et al., 1993, 
1994). High concentrations of NO, HNOj, PAN, and 
plantderived organic particles containing NH:, 
NO;, K + ,  and other ions have been associated with 
haze layers over the Amazon basin during the dry 
season (Crutzen et al., 1985; Andreae et al., 1988a; 
Artaxo et al., 1988; Talbot et al., 1988). In addition, 
NO emissions from soils may be stimulated for some 
period following burning activities by undefined 
mechanisms (Anderson et al., 1988). The interactive 
effects of fertilizer use, cultural treatments and soil 
moisture levels on the emissions of NO and NH, from 
agricultural ecosystems are less well known (White- 
head and Raistrick, 1990, Davidson et al., 1991,1993; i 

Hutchinson and Bram, 1992; Keller et al., 1993; Hall 
et al., 1996). Long-distance transport may also be 
a minor source of NO; in cloud water and precipita- 
tion at this site during the dry season (Savoie et al., 
1989, 1992). 

Rates of forest clearing in Costa Rica have in- 
creased over the period from 1941 to 1983 (Sader and 
Joyce, 1988), primarily for conversion to pasture and 

Table 6. Volume weighted mean ion concentrations (pmol L- ') in bulk precipitation at tropical 
premontane and TMF sites in Central and Northern South America 

- 

Ion concentration (pnol C- ') 

Location H +  NO; NHf Na+ Mg2+ Ca2+ K f  

Turrialba, 
Costa Rica' 
Pico del Este, 
Puerto Ricob 
El Verde, 
Puerto Ricoc 
Monteverde, 
Costa Ricad 
San Eusebio, 
Venezuela* 
Santa Rosa de Cabal, 
Colombiaf 

'Hendry er al. (1984); 650 m elevation. 
bAsbury er al. (1994); 101 5 m elevation. 
'McDowell er al. (1990); 400 m elevation, NO;-N and NHf-N for wet-only deposition. 
d T h ~ s  study; 1480111 elevation, prec~pitation values for u 2 2 ms- '  and u < 2 ms- ' .  
'Steinhardt and Fassbender (1979); 2300 m elevation. 
'Veneklaas (1990); sites at 2550 and 3370 m elevation. 
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other agricultural uses (Veldkamp e t  al., 1992; Reiners 
e t  al., 1994). Although land use changes have been 
predicted t o  increase N emissions in the tropics 
(Keller et al., 1991; Galloway et al., 1994; Galloway 
1996), regional emission inventories are  limited and  
subject t o  a number  of uncertainties (Logan, 1983; 
Crutzen and  Andreae, 1990; Schlesinger a n d  Hartley, 
1992). O u r  research suggests that  biomass burning 
activities substantially increased inorganic N concen- 
trations in cloud water towards the end of the dry  
season. Therefore, it is important t o  evaluate the effects 
of deforestation, land use change, and agricultural 
practices o n  rates of N emission before we can estimate 
the contribution of anthropogenic activities to  cloud 
water and precipitation chemistry, a n d  potentially to 
long-term increased N deposition to  TMFs.  

CONCLUSIONS 

Ion concentrations were highest in cloud water and  
lowest in bulk precipitation. 

Cloud water, mist, and  precipitation samples col- 
lected when mean wind speeds 2 2  ms-'  were 
strongly influenced by marine aerosols. Agricultural 
and  forest burning activities dur ing the end of the dry  
season increased the concentrations of NO;, NH:, 
K + ,  a n d  Ca2+ in cloud water. Mean  concentrations 
of H +  in cloud water were lower, but  NO; and  N H  
concentrations were similar t o  those a t  a number of  
North  American sites. Following the onset of the wet 
season, ion concentrations in bulk precipitation de- 
creased, particularly for precipitation events where 
mean wind speeds were less than 2 m s- '. Ion concen- 
trations in precipitation were similar t o  those a t  
a number of other tropical premontane and montane 
cloud forest sites. Further investigation of the controls 
over the production, transport, and deposition of 
H +  vs. NO; and  NH: will be important in the 
developing tropics. 
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