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ABSTRACT. Meteorological variables, bulk cloud water and precipitation (BCWP), and bulk pre- 
cipitation (BP) were measured above the canopy, and throughfall (IT; nc20) war collected 
beneath an  epiphyte-laden a n o p y  of a tropical montane forest (TMF) for one year a t  Monteverde, 
Costa R i u  Total deposition (cloud + wet +dry) of inorganic ions to the canopy was estimated 
using a sodium (Na') mass balance technique. Annual BCWP and BP depths were 2678 mm and 
1792 mm for events where mean windspeeds (u) 2 2 m s-', and 4077 mm and 3191 mm for all 
events, respectively. Volume-weighted mean pH and concentrations of nitrate-N (NO,--N) and 
ammonium-N ( W - N )  were 4.88, 0.09 and 0.09 mg I-' in BCWP, and 5.00, 0.05 and 0.05 mg I-' 
in BP, respectively. Cloud water and mist deposition to the canopy was estimated to be 356 mm. 
Estimated deposition of free acidity (TI'), NO,--N, and NIL'-N to the canopy was 0.49, 3.4 and 
3.4 kg ha-' y-', respectively. Mean TF depth was 1054 f 83 mm (mean f s.e.) for events where 
u 2 2 m s-', and 2068 f 132 mm for all events. Volume-weighted mean pi1 and concentrations of 
NO,- -N and W - N  in TF were 5.72,0.M mg I-', and 0.07 mg I-', respectively. Mean fluxes of H', 
NO,- .N, and NH,+-N in TF were 0.04 f 0.01, 0.6 f 0.2 and 1.3 f 0.2 kg ha-' y-', and percent net 
retention of these ions by the canopy was 9 2 f  2, 8 0 f  6, and 61 f 6%, respectively. Phosphate, 
potassium, d a u m  and magnesium were leached from the canopy. Seasonal data suggest that 
biomass burning inaeared concentrations of NO,- and NH,' in cloud water precipitation at  
the end of the dry season. Regardless, a large majority of the inorganic N in a r~~~ospher i c  depos- 
ition war retained by the canopy at  this site. 

KEY WORDS: Atmospheric Deposition; Precipitation Chemistry; Interception Loss; Throughfall; 
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I N T R O D U C T I O N  

Atmospheric deposition and net retention of ions by the forest canopy in tem- 
perate montane ecosystems have received considerable attention in the last 
two decades, in part because of the hypothesized roles of increased free acidity 
(H') and inorganic nitrogen (N) deposition in forest decline, acidification and 
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N saturation of soils, and increased levels of H' and nitrate (NO,-) in surface 
waters (e.g., Aber 1992, Dise & Wright 1995, Draaijers 11. 1996, Johnson & 
Lindberg 1992, Schultze 1989). Cloud water often accour~ts for a significant 
portion of the total ion deposition to montane cloud forests because: (i) ion 
concentrations in cloud water are typically three to ten times greater than 
those in precipitation (Johnson & Lindberg 1992, Weathers et al. 1988), 
(ii) montane areas are frequently immersed in cloud (Bruijnzeel & Proctor 
1995, Cavelier et al. 1996, Gordon et al. 1994, Vong et al. 1991), (iii) foliage, 
branches, and epiphytic vegetation are aerodynamically rough surfaces 
(hvet t  & Reiners 1986, Monteith & Unsworth 1990, Nadkarni 1984), and (iv) 
canopy resistance to cloud water deposition via impaction is low when cloud 
immersion is coupled with the relatively high windspeeds that characterize 
many montane areas (Reswick et al. 1991, Gallagher et al. 1992, Lovett 1984). 
As a result, ion deposition is typically grcater to montane cloud forests when 
compared to lower elevation forests which receive only wet and dry deposition 
(Fowler et 01. 1988, Johnson & Lindberg 1992, 1,ovett & Kinsman 1990, Miller 
ef 01. 1993). 

Net retention of ions by the canopy is typically estimated by comparing meas- 
ured or modelled estimates of total deposition to fluxes in throughfall and 
stemflow (TF + ST). Numerous investigations in temperate forest ecosystems 
have indicated that the canopy-atmosphere intcractions are complex, but clear 
patterns have emerged for individual ions. For example, many canopies retain 
H' and inorganic N from atmospheric deposition, and net retention rates are 
positively correlated with deposition rates. In contrast, potassium (K') is 
leached from most canopies (Johnson & Lindberg 1992, Parker 1983, 
Schaefer & Reiners 1990, Stevens et al. 1991, Van Ek & Draaijers 1994). 

Considerably fewer estimates exist for atmospheric deposition and net reten- 
tion of ions by the canopy in tropical montane forests (TMF) (Asburyet al. 1994, 
Steinhardt 1979, Steinhardt & Fassbender 1979, Veneklaas 1990). However, 
conversion of forest to pasture and croplands and the associated seasonal bio- 
mass burning activities, as well as other land 'use changes have generally 
increased rates of ion loading in the tropics (Crutzen & Andreae 1990, Gallo- 
way 1996, GalIowayet al. 1994, Keller ct al. 1991). These activities have contrib- 
uted to concentrations of inorganic N in cloud water and precipitation that are 
as high as those at a number of North American sites (Clark cf al., in press). 
The canopy of TMFs are aerodynamically rough due to forest gaps, high leaf 
areas and abundant epiphytes, and therefore intercept substantial quantities of 
wind-driven cloud water and precipitation. Because many epiphytes are closely 
linked to atmospheric sources of nutrients (Benzing 1990, Clark 1994, Nad- 
karni & Matelson 1991), estimates of atmospheric deposition and net retention 
of ions by the canopy are necessary to evaluate the potential effects of increased 
H+ and N deposition to the diverse biota in the canopy, and to TMF ecosystems 
as a whole. The objectives of this study were to estimate (i) atmospheric depos- 
ition of selected ions to the canopy, and (ii) net retention ' deposited ions by 
the canopy at a TMF site. 
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Ion Deposition and Net Canopy Retention 

METHODS A N D  MATERIALS 

Site description 
Cloud water, precipitation, and throughfall samples were collected in the 
Research Area of the Monteverde Cloud Forest Reseme in the Cordillera de 
Tilarin, in west central Costa Rica (10°18'N, 84'48'W) from 30 September 
1991 to 29 September 1992. Slopes and ridges in the Reserve are similar to 
those of other tradewind-dominated montane forests in terms of climate, forest 
physiognomy, and epiphyte mass and diversity (Ingram & Nadkarni 1993, 
Lawton & Dryer 1980, Nadkarni 1986). 'I'hree distinct swsons are differenti- 
ated primarily by the seasonal migration of the intertrop~f convergence zone: 
(i) a dry season (mid-January to April), characterized by moderate north- 
easterly 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 precipitation and mist. Mean annual prccipitation depth measured 
c. 3 km N W  from the site between 1959 and 1994 was 2519 mm, but wind- 
driven cloud water and precipitation deposition was not measured (J. 
Campbell, pm. comm.). Mean monthly minimum and maximum temperatures 
ranged between 13.9 and 16.5 OC and between 17.6 and 21.1 OC, respectively, 
from 1 October 1991 to 30 September 1992. 

The study site is in the tropical lower montane wet forest zone of Holdridge 
(1967), further classified as leeward cloud forest ( I~wton  & Dryer 1980). Eleva- 
tion of the site ranges between 1480 and 1500 m. The soil is classified as a 
Typic Dystrandept, and has poorly differentiated horizons (Vance & Nadkarni 
1990). Canopy height is 15 to 32 m, with a few emergents to 35 m, and stem 
density (30 cm dbh) is c. 160 stems ha-'. Canopy species are primarily broad- 
leaved evergreens, and the five most frequently occurring plant families in the 
canopy are the Lauraceae, Moraceae, Leguminosae, Sabiaceae, and Meliaceae 
(Nadkarni et al. 1997). Total epiphyte mass is estimated at 3300 g m-' (N. Nad- 
karni, unpubl. data), and includes diverse assemblages of bryophytes, vascular 
epiphytes, and accumulated litter and humus (Ingram & Nadkarni 1993; 
Vance & Nadkarni 1990, 1992). 

Cloud water, precipitation, and thmughiJall sampling 
Bulk cloud water and precipitation (BCWP) depth and ion concentrations 

were estimated using an Atmospheric Sciences Research Center-type passive 
cloud water collector (Falconer & Falconer 1980). The collector (30 cm tall, 
10 cm diameter) consisted of an external ring of 100 Teflon monofilament lines 
(0.05 cm diameter) and an internal ring of eight acrylic plastic rods (1.0 cm 
diameter) mounted above a polypropylene funnel (16.3 cm diameter) and a 4-1 
bottle. The BCWP collector was located in a plastic basket at 17 m height on 
a 27 m meteorological tower located in a gap (c. 0.2 ha) in the forest, and was 
accessed using a rope and pulley system. Bulk precipitation (BP) was collected 
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with a polypropylene funnel (16.3 cm diameter) and a 4-1 bottle. The BCWP 
and BP collectors were positioned 30 cm apart in the plastic basket, and the 
BCWP collector was located downwind from the BP collector in the predomin- 
ant wind direction to minimize interference. Samples were collected in clean 
(washed with 5% hydrochloric acid and rinsed five to ten times with deionized 
water) polypropylene bottles. Following sample collection, the BCWP collector, 
funnels and bottles were then brushed and rinsed with deionized water, or  
replaced. Hourly precipitation depth was measured with a tipping bucket rain 
gauge (Model No. 2501, Sierra-Misco Environmental Ltd. Victoria, B.C.) 
mounted on a boom at 12 m height on the tower. Windspeed (u) was measured 
at 27 m on the tower with a three-cup anemometer (Model No. 12-002, R. 
M. Young Co., Traverse City, Michigan). lnstrurncnts were connected to an 
au tomated data logger (Easy Logger Field Unit model EL824-GP, Omnidata 
International, Inc., Logan, Utah). 

Throughfall (TF) was collected in 20 plots (25 mz) distributed at random 
locations over 1 haof primary forest adjacent to the meteorological tower. Plots 
were kept clear of ail vegetation 1 30 cm tall and 5 5 cm stem diameter a t  
the ground. At each plot, throughfall depth was measured with a sharprimmed 
rain gauge (5 cm diameter) mounted 1 m above the forest floor. Samples for 
ion chemistry were collected with a polypropylene funnel (12.5 or 19.5 cm 
diameter) attached to a 2-1 polypropylene bottle mounted at 0.7 to 1 m above 
the forest floor and located within 1 m of the rain gauge. Funnel mouths were 
covered with polypropylene mesh (0'2 cm mesh size) to exclude litter and 
insects. Throughfall samples were collected at the sam time as BCWP and 
BP samples, and subsamples were transferred to clean poiypropylene bottles. 
Collectors were then brushed out and rinsed with deionized water, or replaced. 
Measurement of TF volumes in the polypropylene bottles for a subset of events 
indicated that there was little sampling bias when the standard rain gauges 
were used to estimate TF depths. 

All EP, BCWP and TF samples were collected at 1-3-d periods depending 
on meteorological conditions. Samples were collected within 72 h of the onset 
of cloud immersion or  precipitation. Events were deiimited by periods of a t  
least 12 h with no cloud water or precipitation as recorded by the tipping 
bucket rain gauge. Single tips (0.25 mm depth) that were recorded during 
apparently dry periods were discarded, and data from the tipping bucket rain 
gauge was Gorroborated by visual observations for a large sub-set of events. 
Events were separated into two categories: (i) events where mean windspeeds 
(u) 2 2 m s-', and (ii) events where u < 2 m s-'. Most (>go%) events where 
u 2 2 m s-' were individual precipitation and/or cloud water events which ori- 
ginated from stratus o r  strato-cumulus clouds during the transition and dry 
seasons. Many of the precipitation events where u < 2 m s-' originated from 
cumulus or cumulonimbus clouds in the afternoon or early evening during 
the wet season, and some samples integrated 2-3 d of convective precipitation 
activity (41% of the samples were single events). 
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Table I. Analytical methods, detection limits, and precision for ion analyses. 

Ion Analytical method 

N0-s Cadmium reduction column 
Indophenol blue 4% M olybdenum blue 

K* Flame Emission 
a Atomic Absorption 
M e  Atomic Absorption 
Na' Flamc Emission 

Detection limit' 
(me I-') 

Analytical precision' 
(%I Reference 
4.3 Mackereth a ir1978 
2.4 Hard & Kuhn 1970 
2.7 Olsen & Sommers 1982 
2.0 Instrument manual 
5.0 Instrument manual 
2.0 Instrument manual 
2.0 Instrument manual 

'Detection limits are two times the standard deviation of the mean of deionized water blanks a d y z e d  
throughout the study. 
'Analytical precision is two times the standard deviation of the meadmean x 100 of medium 
concentration standards analpcd throughout the study. 

Ion analyJGs 
Within 24 h of collection, pH was determined on unfiltered subsamples using 
a Corning (model No. 120) pH meter calibrated with standard solutions (Fisher 
Scientific pH 4.01 and 7.01). Remaining subsamples were filtered through 
deionized water-rinsed Gelman AE 0.45 pm pore size filters using a polypropy- 
lene syringe and stored a t  4OC. Nitrate, NE14', and PO4'- analyses were per- 
formed a t  Monteverde on a Sequoia Turner 340 coiorimeter equipped with a 
semi-automated flowcell assembly within 2 wk of collection for most (> 90%) 
samples (Table 1). Potassium (K'), calcium (Ca2+), magnesium (Mf), and 
sodium (Na') concentrations were determined using standard procedures on a 
Perkin Elmer Model 603 atomic absorption spectrophot~lt~eter at  the Analyt- 
ical Research Laboratory, University of Florida. An air ld:etylene flame was 
used for all analyses, and lanthanum additions (c. 500 mg I-') were used to 
reduce interferences during Ca2+ and Mg2+ analyses (Table 1). 

Data analyses 
Cloud water and precipitation depths were calculated by dividing volumes 

collected by funnel diameters for each event. Precipitation depth for events 
where u < 2 m s" was estimated from the BP collector data because slightly 
lower volumes in BCWP indicated that raindrops bounced off the top of this 
collector when windspeeds were low. Occasional data logger failure precluded 
an annual total from the standard rain gauge, but recorded precipitation depth 
corresponded closely to BP depth for events where u < 2 m s-', and the data  
were used to calculate event durations. Correlation coefficients (Pearson's 
praduct-moment using Bonferroni probabilities) were calculated for depths and 
ion concentrations in BCWP for events where u 2 2 m s-I, and in BP for events 
where u < 2 m s-' following determination of normality of the data sets using 
SYSTAT statistical packages (SYSTAT 1992). Ion fluxes in BCWP and BP were 
calculated by multiplying depths collected by the appropriate ion concentra- 
tions, and then summing the products within each event category. Mean ion 
concentrations in cloud water and mist (CW) were calculated by subtracting 
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ion fluxes in BP from those in BCWP, and then dividing by the difference in 
depth for each event where u 1 2 m s". 

Throughfall depths for each collector were summed separately to estimate 
spatial variabilityover the I-ha site. Interception loss by the canopy was estim- 
ated by subtracting mean TF depths from BP depths for events where 
u < 2 m s-I, and from BP and BP + CW depths (see below) for all events. Cor- 
relation coefficients were calculated for depth and ion concentrations for both 
categories of events. Ion fluxes to each T F  collector were also calculated separ- 
ately. Although we measured S T  on a subset of trees, accurately scaling these 
estimates up  to the stand level is difficult. Therefore, we assumed that ion 
fluxes in S T  were 5% of those in TF, and these values were added to mean ion 
fluxes in TF. 

Total ion deposition (cloud + wet + dry) to the canopy was estimated using a 
mass balance for Na+ (Ulrich 1'983, Van Ek & Draaijers 1994, G. Lovett pns. 
comm.): We first subtracted the Na+ flux in BP from +'tat in TF+ST. The 
remaining Na+ flux in TF + ST was assumed to be due to ( loud water and mist 
deposition, and we divided this amount by the mean concentration of Na' in 
CW estimated above to calculate a mean depth of cloud water and mist depos- 
ition to the canopy. The mean depth of cloud water and mist was then multi- 
plied by the appropriate ion concentrations to calculate fluxes, and these were 
added to fluxes in BP to estimate total deposition to the canopy. 

RESULTS 

Cloud water, precipitation and throughJall 
Annual BCWP and BP depths were 4077 mm and 3191 mm, respectively 

(Table 2). Consistently greater depths were collected by the BCWP collector 
during events where u 2 2 m s-' when compared to the BP collector and the 
tipping bucket rain gauge, which indicated that the former was more effective 
at  collecting wind-driven droplets. Volume-weigh ted mean ion concentrations 
were greater in both BCWP and BP from events where u 1 2  m s-' when com- 
pared to those in BP from events where u < 2 m s-' (Table 3). Ion concentra- 
tions were greater in BCWP when compared to those in BP for most events 

Table 2. Mean event length (mean* SE), mean bulk cloud water and precipitation (BCWP) or bulk 
precipitation (BP) intensity, total wet hours, and total depths of BCWP, BP, and throughfall m u n  f SE, 
n = 20) by event category. a = precipitation depth estimated from BP. 

Mean Intensity 
Event Category 

Totd De th 

and Number of Mean Len h Total (mm Ye! (mm hr-') 

Collections (h mnt-q  BCWP NP Hours BCWP BP TF 
Windspeed L 2 m I-' 33.2 f 3.4 1.24 f 0.18 0.83 f 0.13 1990 2678 1792 10% f 83 
(n = 65) 
Windspeed u 2 m I-' 6.6 f 1.2 2.79 f 0.58' 2.79 k 0.58 442 1399' 1399 1014 f 63 
(n = 37) 
All events 2432 4077 3191 2068f132 
(n = 102) 
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Table 3. Volume weighted mean pH and ion concentrations (mg I") in. bulk cloud water and precipitation 
(BCWP), bulk precipitation (BP), and throughfall (TF) by event category. 

Event category Volume weighted mean concentration (mg I-') 

and number Collector pH NO-,-N NH',-N POs,-P K* Cay' M e  Na* 

Windspeed 2 2 m s" BCWP 4.85 0.12 0.12 0.002 0.17 0.27 0.22 1.77 
(n = 65) BP 5.05 0.06 0.06 0.002 0.1 1 0.22 0.1 1 0.97 

TF 5.78 0.04 0.07 0.031 1.35 1.63 0.54 2.78 
Windspeed < 2 m s“ BP 4.95 0.04 0.04 0.002 0.07 0.13 0.03 0.19 
(n = 3 7) TF 5.67 0.04 0.06 0.027 2.74 0.95 0.32 1.34 
All events BC WP 4.88 0.09 0.09 0.002 0.14 0.22 0.16 1.23 
(n = 102) BP 5.00 0.05 0.05 0.002 0.09 0.18 0.07 0.63 

TF 5.72 0.04 0.07 0.029 3.48 1.24 0.43 2.05 

where u 2 2 m s-', suggesting that  ion concentrations were relatively greater 
in wind-driven droplets, although dry deposition of these ions to the BCWP 
collector may also have been greater. 

Depth was negatively correlated with some, but not all, ion concentrations 
in BCWP from events where u 2 2 rn s-I, but there was little relationship 
between depth and ion concentrations in BP from events where u < 2 rn s-' 
(Table 4). Interestingly, there were no correlations between H' and the other 
ion concentrations in either BCWP o r  BP. Nitrate and NI&+ concentrations 
were correlated in both BCWP and BP. Both NO,- and NH,+ concentrations 
were also correlated with metallic cation concentrations in BCWP, but they 

Table 4. Correlation caffidents (Peuson product-'homentum) for depth and ion concentrations in (i) bulk 
cloud water and precipitation (BCWP) from events where mean windspeed Z 2 m s-' and bulk precipitation 
(BP) from events where mean windspeed < 2 m s-I, and (ii) throughfall (TF) From events where mean 
windspeed eg< 2 m s-' and from events where u < 2 m s-'. Significance levels: * = P < 0.05, ** = P < 0.01. 

(i) BCWP, windspeed 2 2 m s-' (above) and BP, windspeed < 2 rn re' s-' (below). 

Depth H' NO,- NH; PO', K' Ca2' Me2* Na* 

Depth - -0.223 -0.419. -0.428. -0.193 -0.365 -0.405. 
H' -0.246 0.249 0.323 -0.221 0.217 0.1 10 0.247 
NO-, -0.363 0.421 - O.844@* 0.184 0.747.. 0.915'* 
NH\ -0.269 0.407 0.949.. - 0.255 0.832.. 0.869.. 
p@, -0.146 0.235 0.452 0.003 - 0.179 0.291 
K' 0.347 0.380 0.357 0.578.. 0.802** 0.887.. 0.823.. 
Ca* -0.489 0.323 0.57Im* 0.507. -0.123 0.643.. - 
Mg2* -0.484 0.209 0.648@* 0.426 0.814** 0.699** 0.633** 
Na* -0.404 0.151 0.478 0.583** 0.274 0.92Imm 0.762.. 

(ii) TF, windspied 2 2 m r-I (above), and TF, windspeed < 2 m s" (below). 

Depth 
H' 

caw 
Mg" 
Na' 

Depth 
- 
0.153 

-0.120 
-0.3 15 
-0.332 

0.319 
0.462 

-0.449 
-0.229 

NO-, NH*, POb, K' Ca2' MgH Na' 

-0.515 -0.546 -0.644 -0.591 -0.312 
-0.215 -0.228 -0.166 -0.103 -0.277 
0.944'. 0.952.. 0.855*@ 0.918** 0.375 
0.709. 0.609 0.577 0.669. 0.193 
- 0.933.. 0.809@@ 0.893.. 0.484 
0.949'. - 0.857** 0.898" 0.377 
0.847'. 0.929*@ - 0.966*@ 0.516 
0.866.. 0.939.. 0.985'. - 0.50 1 
0.458 0.495 0.501 0.544 - 
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were correlated with only some cation conccntrations in HP. Phosphate concen- 
trations wcre only correlated with K' and h1g2' in BP. All metallic cation con- 
centration pairs were correlated in both BCWP and BP. Atmospheric depos- 
ition of all ions was 1.8 times (Ca2') to 3.0 times (h'Ig2') greater in BCWP when 
compared to BP from events where u 2 2 m s-' (Table 4). Annual deposition 
in BCWP was estimated to be 0.53 kg 11' ha-' y-' and 7.5 kg N ha-' y-', 1.7 and 
2.2 times the deposition of these ions in BP, respectively. 'I'he mean pH of 
cloud water and mist (CW) was 4.32, and mean ion concentrations were 
0.47 f 0.06 mg NO3- N I-' (mcan f SE, n = 63), 0.49 + 0.07 mg NH,' N I-', 
0.003 f 0.001 mg PO4'- P I-', 0.62 f 0.10 rng Kt I-', 0.67 f 0.10 mg Ca2' I-', 
0.89 f 0.12 mg Mg2' I-', and 6.42 f 0.80 nig Na' I-'. 

Annual TF depth was 2068 f 132 mm (mcan f SE, n = 20) (Table 2). Inter- 
ception loss was estimated at 28% of precipitation for events where u < 2 m s-', 
35% of annual BP depth, and 42% of annual RP + CW depth. With the exccp- 
tion of 11' and NO3-, volume-weightcd mcan ion conccntrations were grcater 
in TF from events where u 1 2  m s-' when compared to those from events 
where u < 2 m s-' (Table 2). Free acidity and NO,- concentrations in TF were 
less than those in RCWP and BP from cvcgnts where u 2 2 m s-', NII,' concen- 
trations wcre intermediate between thosc in 13CLlrP and B1', and PO,'--P and 
cation concentrations were greatest in 'I'F. Only I I '  concentrations in TF were 
less than those in BP from events whcre rl < 2 m s". There werc no significant 
correlations between depth and ion conccntrations. or bctwcen the concentra- 
tions of I f '  and the othcr ions in 7'F from ritllrr catcgory of event (Table 3). 
Nitrate and NII,' conccntrations werc corrclatcci, and KO3- concentrations 
were correlated with the concentrations o f  all othcr ions except Nab in TI: from 
both categories of events. In contrast, NI-I,' concentrations were correlated 
only with and Mg2' concentrations in TF from evcnts where u 2 2 m-', 
and with PO,'- concentrations in 'TF from cvcnts where u < 2 rn-'. Potassium, 
Ca2' and Mg2+ concentration pairs werc correlated in TF from both categories 
of events. Free acidity and inorganic N fluxcs in 'I'F were 0.004 f 0.001 g H' ha-' 
y-' and 1.9 f 0.3 kg N ha-' Y-' (mean f SE, n = 20), respectively ('Table 4). 
Nitrate-N accounted for only 22% of the inorganic N flux to thc forest floor for 
events where u 2 2 rn s-', and 40% of the inorganic N F 1 . l ~  for events where 
u < 2 m s-'. 

Ion deposition and rut retention hy the cnnnpy 
Annual Na' flux in T F +  ST was estimated to be 13.8 kg ha-' y-'. Sodium flux 
in BP was 20.5 kg ha-' y-', and the deposition of Na' in cloud water and mist 
was assumed to be 23.3 kg ha-' y-'. Estimated total Na' deposition to the 
canopy represented 0.91 times the input to the BCWP collector and 2.14 times 
the input to the RP collector. Cloud watcr and mist depth calculated from the 
flux of Na' and the mean conccntration of Na' in cloud water and mist was 
356.3 mm y-'. Total deposition of the othcr ions was calculated by multiplying 
the appropriate ion concentrations in cloud watcr and mist by this depth, and 
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Table 5. Ion deporition (kg h r '  y-I) in bulk cloud wrter and precipitation (BCWP) and bulkprecipitation 
(BP), and ion fluxes in throughfall (lT)FStan&rd errors for ion fluxesin TF are shown in parenthesea (n = 
20). 

l z Ion deposition or flux 
(kg ha-' y-') 

Event category Collector H' ':" . L NO;-N MT,-N PCP,-P K* CaH M e  Na4 
Windspeed h 2 m s-' BCWP 0.37:. " 3.1 3.2 0.05 4.5 7.2 6.0 45.6 
(n = 65) BP 0.16."-- 1.1 1.1 0.03 2.0 3.9 2.0 17.9 

'IF 0.02'. 0.2 0.7 0.25 38.4 15.0 4.8 27.9 
(0.01i ' (0.1) (0.1) (0.05) (4.5) (1.3) (0.5) (3.5) 

Windspeed < 2 m s-I BP 0.16d 0.6 0.6 0.02 1.0 1.9 0.4 2.6 
(n = 37) TF 0.02 i-*' 0.4 0.6 0.23 25.2 8.7 2.9 13.4 

(0.0li "I0.1) (0.1) (0.06) (4.7) (1.2) (0.5) (1.7) 
All events BCWP 0.53'. 3.7 3.8 0.07 5.5 9.1 6.4 48.2 
(n= 102) BP 0.32" 1.7 1.7 0.05 3.0 5.8 2.4 20.5 

TF 0.04 0.6 1.3 0.48 63.6 23.7 7.8 41.3 
(0.01f (0.2) (0.2) (0.10) (8.8) (2.3) (1.0) (5.1) 

adding input to the BP collettor (Table 5). Calculated net retention of H' 
and inorganic N by the canopy represented 92% and 71% of total deposition, 
respectively (Table 5). Net retention of NO,- represented 91% of total depos- 
ition for events where u 1 2 m s-', and 38% of depos,.lt.n for events where 
u < 2 m s-'. Net leaching of 'PO," and metallic cations occurred from the 
canopy (Table 5). 

DISCUSSION 

Cloud water and precipitation 
Wind-driven cloud water and precipitation depth, calculated for events 

where u 2 2 m s-' from BCWP and BP data, was greater than horizontal pre- 
cipitation depths (cf. Bruijnzkel & Proctor 1995, Stadtmuller 1987) reported 
from most of the other TMFs where similar collectors were used (Table 6). 
A1 though cloud water and precipitation depths are typically estimated with 
artificial surfaces, considerable uncertainties exist in using these estimates to 

Table 6. Ion deposition in BPI estimate& ion deposition in cloud water and mist (CW) using Na* mass 
balance to calculate ion deposition to th? canopy, the sum of BP and CW, ion fluxes in throughfall and 
stemflw F + S T ) ,  and percent net retehtion of ions by the canopy (mean f SE). 

. . Deposition 
(kg h i '  7 ' )  TF+ST Percent net 

Ion BP CW BP + (kg ha-' y-I) retention 

H' 0.32 0.13 0.49 0.04 92 f  2 
NO;-N 1.7 1.7' 3.4 0.6 82 f  6 
NIT*-N 1.7 1.3, 3.4 1.4 6 1 f 6  
P e + - P  0.05 O.O$ . 0.07 0.50 b l 4 f  149 
K4 3.0 2.2 5.2 66.8 -1 185 f 169 
Caw 5.8 2 . e  8.7 26.1 -200 f 26 
M f  2.4 3.2 ' 5.6 8.6 -54f 18 
Ni* 20.9 ' 22.9 43.8 43.8 O f  12 






















