Atmospheric Deposition and Net Retention of Ions by the Canopy in a Tropical Montane Forest,
Monteverde, Costa Rica
Author(s): Kenneth L. Clark, Nalini M. Nadkarni, Douglas Schaefer and Henry L. Gholz
Source: Journal of Tropical Ecology, Vol. 14, No. 1 (Jan., 1998), pp. 27-45
Published by: Cambridge University Press
Stable URL: http://www.jstor.org/stable/2559864
Accessed: 04-05-2015 04:29 UTC

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at http://www.jstor.org/page/
info/about/policies/terms.jsp
JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content
in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship.
For more information about JSTOR, please contact support@jstor.org.

Cambridge University Press is collaborating with JSTOR to digitize, preserve and extend access to Journal of Tropical
Ecology.

http://www.jstor.org

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

JournalofTropicalEcology(1998) 14:27-45.With 1 figure
Press
Copyright? 1998 CambridgeUniversity

Atmospheric deposition and net retention of
ions by the canopy in a tropical montane forest,
Monteverde, Costa Rica
KENNETH L. CLARK*', NALINI M. NADKARNIt, DOUGLAS
SCHAEFERt, and HENRY L. GHOLZ*
of Florida, Gainesville,FL
University
*School of ForestResourcesand Conservation,
32605
State College,Olympia,WA 98505
tThe Evergreen
ofPuertoRico, San Juan, PR 00936
*University
(Accepted27 Jultj 1997)

ABSTRACT.

Meteorological variables, bulk cloud water and precipitation

(BCWP), and bulk precipitation(BP) were measuredabove the canopy,and

throughfall(TF; n = 20) was collected beneath an epiphyte-ladencanopyof a tropical montane forest (TMF) for 1 y at Monteverde, Costa Rica. Total deposition
(cloud + wet + dry) of inorganicions 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 m s-1, and 4077 mm and
3191 mm for all events, respectively.Volume-weightedmean pH and concentrations of nitrate-N (NO3--N) and ammonium-N (NH4+-N) were 4.88, 0.09 and
0.09 mg 1-1in BCWP, and 5.00, 0.05 and 0.05 mg 1-1in BP, respectively.Cloud
water and mist deposition to the canopy was estimated to be 356 mm. Estimated
deposition of free acidity (H+), NO3--N, and NH4-N to the canopy was 0.49, 3.4
and 3.4 kg ha-' y-1,respectively.Mean TF depth was 1054 ? 83 mm (mean ? S.E.)
foreventswhere u > 2 m s-', and 2068 ? 132 mm forall events.Volume-weighted
mean pH and concentrationsof NO3- -N and NH4+-Nin TF were 5.72, 0.04 mg I-',
and 0.07 mg I1-,respectively.Mean fluxesof H+, NO3- -N, and NH4+-Nin TF were
0.04 + 0.01, 0.6 ? 0.2 and 1.3 ? 0.2 kg ha-' y-', and percent net retentionof these
ions by the canopywas 92 ? 2, 80 ? 6, and 61 + 6%, respectively.Phosphate, potassium, calcium and magnesium were leached fromthe canopy. Seasonal data suggest that biomass burning increased concentrationsof NO3- and NH,' in cloud
water and precipitationat the end of the dryseason. Regardless, a large majority
of the inorganic N in atmosphericdeposition was retained by the canopy at this
site.
KEY WORDS: atmosphericdeposition; precipitationchemistry;interceptionloss;
throughfall;nitrogenretention;cloud forest,tropics
' Authorto whomcorrespondenceshouldbe aclcliessed.
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INTRODUCTION

Atmospheric deposition and net retention of ions by the forestcanopy in temperate 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 forestdecline, acidification and
N saturation of soils, and increased levels of H+ and nitrate (NO3-) in surface
waters (e.g., Aber 1992, Dise & Wright 1995, Draaijers et al. 1996,Johnson &
Lindberg 1992, Schultze 1989). Cloud water often accounts 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
(Lovett & 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 (Beswick et al. 1991, Gallagher et al. 1992, Lovett 1984).
As a result, ion deposition is typicallygreater to montane cloud forests when
compared to lower elevation forestswhich receive only wet and dry deposition
(Fowler et al. 1988,Johnson & Lindberg 1992, Lovett & Kinsman 1990, Miller
et al. 1993).
Net retentionof ions by the canopy is typicallyestimated by comparing measured 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-atmosphereinteractions 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. 1994, Van Ek & Draaijers 1994).
Considerably fewerestimates exist foratmospheric deposition and net retention of ions by the canopy in tropical montane forests(TMF) (Asburyetal. 1994,
Steinhardt 1979, Steinhardt & Fassbender 1979, Veneklaas 1990). However,
conversion of forest to pasture and croplands and the associated seasonal biomass burning activities, as well as other land use changes have generally
increased rates of ion loading in the tropics (Crutzen & Andreae 1990, Galloway 1996, Galloway et al. 1994, Keller et al. 1991). These activities have contributed to concentrations of inorganic N in cloud water and precipitation that are
as high as those at a number of North American sites (Clark et al. 1958). The
canopy of TMFs are aerodynamically rough due to forestgaps, high leaf areas
and abundant epiphytes,and thereforeintercept substantial quantities of winddriven cloud water and precipitation. Because many epiphytes are closely
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linked to atmospheric sources of nutrients (Benzing 1990, Clark 1994, Nadkarni & Matelson 1991), estimates of atmospheric deposition and net retention
of ions by the canopy are necessary to evaluate the potential effectsof increased
H+ and N deposition to the diverse biota in the canopy, and to TMF ecosystems
as a whole. The objectives of this studywere to estimate (i) atmospheric deposition of selected ions to the canopy, and (ii) net retention of deposited ions by
the canopy at a TMF site.
METHODS

AND MATERIALS

Site description
Cloud water, precipitation, and throughfall samples were collected in the
Research Area of the Monteverde Cloud Forest Reserve in the Cordillera de
Tilaran, 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-dominatedmontane forestsin terms of climate, forest
physiognomy,and epiphyte mass and diversity (Ingram & Nadkarni 1993,
Lawton & Dryer 1980, Nadkarni 1986). Three distinct seasons are differentiated primarilyby the seasonal migration of the intertropicalconvergence zone:
(i) a dry season (mid-January to April), characterized by moderate northeasterly tradewinds and wind-drivencloud 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-drivenprecipitation and mist. Mean annual precipitationdepth measured
c. 3 km NW from the site between 1959 and 1994 was 2519 mm, but winddriven cloud water and precipitation deposition was not measured (J.
Campbell, pers.comm.).Mean monthlyminimum and maximum temperatures
ranged between 13.9 and 16.5 ?C and between 17.6 and 21.1 ?C, respectively,
from 1 October 1991 to 30 September 1992.
The study site is in the tropical lower montane wet forestzone of Holdridge
(1967), furtherclassified as leeward cloud forest(Lawton & Dryer 1980). Elevation of the site ranges between 1480 and 1500 m. The soil is classified as a
Typic Dystrandept, and has poorly differentiatedhorizons (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 primarilybroadleaved evergreens, and the fivemost frequentlyoccurringplant families in the
canopy are the Lauraceae, Moraceae, Leguminosae, Sabiaceae, and Meliaceae
(Nadkarni et al. 1995). Total epiphyte mass is estimated at 3300 g m-2 (N. Nadkarni, 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 throughfall
sampling
Bulk cloud water and precipitation (BCWP) depth and ion concentrations
were estimated using an Atmospheric Sciences Research Center-type passive
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cloud water collector (Falconer & Falconer 1980). The collector (30 cm tall,
10 cm diamneter)consisted of an external ring of 100 Teflon monofilamentlines
(0.05 cm diameter) and an internal ring of eight acrylic plastic rods (1.0 cm
diameter) mounted above a polypropylenefunnel (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 mnmeteorological 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
with a polypropylenefunnel (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 predominant wind direction to minimize interference.Samples were collected in clean
(washed with 5% hydrochloricacid and rinsed fiveto ten times with deionized
water) polypropylenebottles. 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 mn
height on the tower.Windspeed (u) was measured
at 27 mnon the tower with a three-cup anemometer (Model No. 12-002, R.
M. Young Co., Traverse City, Michigan). Instruments were connected to an
automated data logger (Easy Logger Field Unit model EL824-GP, Omnidata
International, Inc., Logan, Utah).
Throughfall (TF) was collected in 20 plots (25 m2) distributed at random
locations over 1 ha of primaryforestadjacent to the meteorological tower.Plots
were kept clear of all vegetation > 30 cm tall and < 5 cm stem diameter at
the ground. At each plot, throughfalldepth was measured with a sharp-rinmmed
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 polypropylenebottle mounted at 0.7 to 1 m above
the forestfloorand 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 same time as BCWP and
BP samples, and subsamples were transferredto clean polypropylenebottles.
Collectors were then brushed out and rinsed with deionized water, or replaced.
Measurement of TF volumes in the polypropylenebottles fora subset of events
indicated that there was little sampling bias when the standard rain gauges
were used to estimate TF depths.
All BP, 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 delimited by periods of at
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 corroborated by visual observations for a large sub-set of events.

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

Ion deposition
and netcacnopy
retention

31

Table 1. Analyticalmethods,detectionlim-iits,
aindprecisionfol ion analyses.
Ionl

Analyticalmethod

NO-3

Cadmium reduction column
Indophenolblue
Molybdenumblue
Flame emission
Atomicabsorption
Atomicabsorption
Flame emission

NH+4
P043-

K+

Ca2+
Mg2+

Na+

Detectionlimit'
(mng
1-')

Alnalytical
precision2
(%)

Reference

0.02
0.02
0.01
0.05
0.10
0.05
0.05

4.3
2.4
2.7
2.0
5.0
2.0
2.0

Mackerethetal. 1978
Harwood& Kuhn 1970
Olsen & Sommers1982
man-ual
Inistrument
Instrumentmanual
Inistrtument
manutial
Instrtument
mantual

l Detectionlimitsare twotimesthe SD of the mean of deion-izecl
waterblanksanalyzedthrotughotut
the
study.
2
Analyticalprecisionis twotimesthe SD of the mean/meanx 100 of meditunm
con-centrationstanidarcls
analyzedthrotughotut
the study.

Events were separated into two categories: (i) events where mean windspeeds
(u) > 2 m s-1, and (ii) events where u < 2 m s-1. Most (>90%) events where
u ? 2 m s-1 were individual precipitation and/or cloud water events which originated from stratus or strato-cumulus clouds during the transition and dry
seasons. Many of the precipitation events where u < 2 m s-1 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).
Ion analyses
Within 24 h of collection, pH was determined on unfilteredsubsamples 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-rinsedGelman AE 0.45 ptmpore size filtersusing a polypropylene syringe and stored at 4?C. Nitrate, NH,+, and PO43- analyses were performed at Monteverde on a Sequoia Turner 340 colorimeter equipped with a
semi-automated flowcellassembly within 2 wk of collection for most (> 90%)
samples (Table 1). Potassium (K+), calcium (Ca2+), magnesium (Mg2+), and
sodium (Na+) concentrations were determined using standard procedures on a
Perkin Elmer Model 603 atomic absorption spectrophotometer at the Analytical Research Laboratory, University of Florida. An air-acetylene flame was
used for all analyses, and lanthanum additions (c. 500 mg l') were used to
reduce interferencesduring Ca2+ and Mg2+ analyses (Table 1).
Data ancalyses
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-1 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 fromthe standard rain gauge, but recorded precipitationdepth
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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
product-momentusing Bonferroniprobabilities) were calculated fordepths and
ion concentrationsin BCWP forevents where u > 2 m s-1,and in BP forevents
where u < 2 m s-' followingdetermination of normalityof the data sets using
SYSTAT statistical packages (SYSTAT 1992). Ion fluxesin BCWP and BP were
calculated by multiplyingdepths collected by the appropriate ion concentrations, and then summing the products within each event category. Mean ion
concentrations in cloud water and mist (CW) were calculated by subtracting
ion fluxes in BP from those in BCWP, and then dividing by the differencein
depth for each event where u > 2 m s-'.
Throughfall depths for each collector were summed separately to estimate
spatial variabilityover the 1-ha site. Interception loss by the canopy was estimated by subtracting mean TF depths from BP depths for events where
u < 2 m s', and fromBP and BP + CW depths (see below) for all events. Correlation coefficientswere calculated for depth and ion concentrations for both
categories of events. Ion fluxes to each TF collector were also calculated separately. Although we measured ST on a subset of trees, accurately scaling these
estimates up to the stand level is difficult.Therefore, we assumed that ion
fluxes in ST 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 1983, Van Ek & Draaijers 1994, G. Lovett pers.
comm.):We first subtracted the Na+ flux in BP from that in TF + ST. The
remaining Na+ flux in TF + ST was assumed to be due to cloud 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 deposition to the canopy. The mean depth of cloud water and mist was then multiplied 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 throughfall
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 m s-' when compared to the BP collector and the
tipping bucket rain gauge, which indicated that the formerwas more effective
at collecting wind-drivendroplets. Volume-weighted mean ion concentrations
were greater in both BCWP and BP fromevents where u > 2 m s-' when compared to those in BP from events where u < 2 m s-' (Table 3). Ion concentrations were greater in BCWP when compared to those in BP for most events
where u > 2 m s-', suggesting that ion concentrations were relatively greater
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Table 2. Mean event length (mean ? SE), mean bulk cloud water and precipitation(BCWP) or bulk
precipitation
(BP) intensity,
totalwethours,and totaldepthsofBCWP, BP, and throughfall
(TF; mean+ SE,
n = 20) byeventcategory.a = precipitationdepthestimatedfromBP.
Eventcategory
and numberof
collections
WindspeedR 2 m s-'
(n = 65)
Windspeed< 2 m s-'
(n = 37)
All events(n= 102)

Mean length
(h event-')

Mean intensity
(mh-)(MY1
(mmhr')
BP
BCWP

Total depth

33.2 ? 3.4

1.24 0.18

0.83 ? 0.13

6.6 ? 1.2

2.79 0.58a

2.79 ? 0.58

Totalt')
hours

BCWP

(mm
BP

TF

1990

2678

1792

1054? 83

442

1399a

1399

1014? 63

4077

3191

2068? 132

2432

in wind-drivendroplets, 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 m s-1,but there was little relationship
between depth and ion concentrations in BP from events where u < 2 m s-'
(Table 4). Interestingly,there were no correlations between H+ and the other
ion concentrations in either BCWP or BP. Nitrate and NH,' concentrations
were correlated in both BCWP and BP. Both NO3- and NH4' concentrations
were also correlated with metallic cation concentrations in BCWP, but they
were correlated with only some cation concentrationsin BP. Phosphate concentrations were only correlated with K+ and Mg2+in BP. All metallic cation concentration pairs were correlated in both BCWP and BP. Atmospheric deposition of all ions was 1.8 times (Ca2+) to 3.0 times (Mg2") greater in BCWP when
compared to BP from events where u > 2 m s-1 (Table 5). Annual deposition
in BCWP was estimated to be 0.53 kg H+ ha-' y-1and 7.5 kg N ha-' y-1,1.7 and
2.2 times the deposition of these ions in BP, respectively. The mean pH of
cloud water and mist (CW) was 4.32, and mean ion concentrations were
0.47 ? 0.06 mg NO3--N l' (mean ? SE, n = 65), 0.49 + 0.07 mg NH4+-N 1',
0.003 ? 0.001 mg P043-_P 1-j, 0.62 ? 0.10 mg K 1-i, 0.67 ? 0.10 mg Ca2, l-l,
0.89 ? 0.12 mg Mg2+1-1,and 6.42 ? 0.80 mg Na+ I-'.
Annual TF depth was 2068 ? 132 mm (mean ? SE, n = 20) (Table 2). Interception loss was estimated at 28% of precipitation forevents where u < 2 m s-',
Table 3. Volume weightedmean pH and ion concentrations(mg -l) in bulk cloud waterand precipitation
(BCWP), bulk precipitation(BP), and throughfall
(TF) by eventcategory.
Eventcategory
and number
Windspeed> 2 m s-'
(n = 65)
Windspeed< 2 m s-'
(n = 37)
All events
(n= 102)

Volu-meweightedmean-concentration(mg1-')
K+
pH collector NOQ-N NH+4-N PO43-P
Ca2+
Mg2+ Na+
BCWP
BP
TF
BP
TF
BCWP
BP
TF

4.85
5.05
5.78
4.95
5.67
4.88
5.00
5.72

0.12
0.06
0.04
0.04
0.04
0.09
0.05
0.04

0.12
0.06
0.07
0.04
0.06
0.09
0.05
0.07

0.002
0.002
0.031
0.002
0.027
0.002
0.002
0.029

0.17
0.11
4.35
0.07
2.74
0.14
0.09
3.48

0.27
0.22
1.63
0.13
0.95
0.22
0.18
1.24
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0.22
0.11
0.54
0.03
0.32
0.16
0.07
0.43

1.77
0.97
2.78
0.19
1.34
1.23
0.63
2.05
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Table 4. Correlation coefficients (Pearson product-momientum) for depth and ion concentrations in (i) bulk
cloucl water and precipitation (BCWP) from events where mean winclspeed > 2 m s-' and bulk precipitation
(BP) from events where meani windspeed < 2 In s-', anid (ii) th-oughfall (TF) fiomiievenits wher-e imiean
windspeed 2 2 m s-' and from events where u < 2 m s-'.

< 2 m s-' s-' (below).
(i) BCWP, windspeed> 2 m s-' (above) and BP, wvindspeed
Depth
Depth
H+
NO-3
NH+4
PO3-4

K+

Ca2+
Mg2+

Na+

-0.246
-0.363
-0.269
-0.146
0.347
-0.489
-0.484
-0.404

H+
-0.223
0.421
0.407
0.235
0.380
0.323
0.209
0.151

NO3-

-0.419*
0.249
0.949**
0.452
0.357
0.571**
0.648**
0.478

NHW4

PO43-

K+

Ca2+

-0.428*
0.323
0.844**
0.003
0.578**
0.507*
0.426
0.583**

-0.193
-0.221
0.184
0.255
0.802"*
-0.123
0.814**
0.274

-0.365
0.217
0.74708
0.832**
0.179
0.643**
0.699*"
0.921**

-0.405*
0.110

0.915*I

0.869**
0.291
0.887 *
0.633*
0.762"*

Mg2+

Na+

-0.427* -0.446*
0.247
0.259
0.897*-1 0.855**
0.809** -0.767**
0.102
0.081
0.823 f* 0.792**
0.938X* 0.877*"
0.978**
0.734* -

< 2 m s-' (below).
(ii) TF, wincdspeecd> 2 m s-' (above), anclTF, wincdspeecl

Depth
Depth

H+
NO-3
NH+4
PO3-4

K+

Ca2+

Mg2+
Na+
- P<0.05,

-

0.153
-0.120
-0.315
-0.332
0.319
0.462
-0.449
-0.229

H+
0.381

-0.200
0.232
-0.097
0.121
0.145
-0.024
-0.225

NO-3
-0.556

-0.176
0.769**
0.866**
0.871**
0.806*
0.828**
0.578

NHW4
-0.529

P043-0.515

-0.076
-0.215
0.721*
0.944**
0.709*
0.683* 0.656
0.949**
0.659
0.847**
0.660
0.866*R
0.360
0.458

K+
-0.546

-0.228
0.952*"
0.609
0.933**
0.929**
0.939**
0.495

Ca2+
-0.644

Na+

Mg2+
-0.591

-0.103
-0.166
0.855B* 0.918**
0.669*
0.577
0.809** 0.893**
0.857{* 0.898'
0.966'*
0.985** 0.544
0.501

-0.312

-0.277
0.375
0.193
0.484
0.377
0.516
0.501
-

**, P<0.01.

35% of annual BP depth, and 42% of annual BP + CW depth. With the exception of H+ and NO3, volume-weighted mean ion concentrations were greater
in TF from events where u ? 2 m s-' when compared to those from events
where u < 2 m s-' (Table 2). Free acidity and NO3- concentrations in TF were
less than those in BCWP and BP fromevents where u ? 2 m s-1, NH,' concentrations were intermediate between those in BCWP and BP, and PO43--P and
cation concentrations were greatest in TF. Only H+ concentrations in TF were
less than those in BP fromevents where u < 2 m s-1.There were no significant
correlations between depth and ion concentrations,or between the concentrations of H+ and the other ions in TF from either category of event (Table 3).
Nitrate and NH4+ concentrations were correlated, and NO3- concentrations
were correlated with the concentrations of all other ions except Na+ in TF from
both categories of events. In contrast, NH4+ concentrations were correlated
only with PO43- and Mg2+ concentrations in TF from events where u > 2 mn2,
and with PO43- concentrations in TF from events where u < 2 m-2. Potassium,
Ca2+ and Mg2+ concentration pairs were correlated in TF fromboth categories
of events. Free acidity and inorganic N fluxes in TF were 0.04 ? 0.01 g H+ ha-'
Y-1 and 1.9 ? 0.3 kg N ha-' y-1 (mean + SE, n = 20), respectively (Table 5).
Nitrate-N accounted foronly 22% of the inorganic N fluxto the forestfloorfor
events where u ? 2 m s-1, and 40% of the inorganic N flux for events where

u < 2 m s-'.
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Annual Na+ fluxin TF + ST was estimated to be 43.8 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 BP collector. Cloud water and mist depth calculated fromthe
flux of Na+ and the mean concentration of Na+ in cloud water and mist was
356.3 mm y-'. Total deposition of the other ions was calculated by multiplying
the appropriate ion concentrations in cloud water and mist by this depth, and
Table 5. Ion deposition(kg ha-' y-') in bulk cloud waterand precipitation(BCWP) and bulk precipitation
(BP), anclion fluxesin thloulghfall
(TF). Stanclarderrorsforion fluxesin TF are shownin parentheses(n =
20).
Ion depositionOl fluLx
(kg ha-' y-')
Event category

Collector

H

Windspeed > 2 m s-'
(n = 65)

BCWP
BP
TF

Windspeed< 2 m s-'
(n = 37)

BP
TF

0.37
0.16
0.02
(0.01)
0.16
0.02
(0.01)
0.53
0.32
0.04
(0.01)

All events
(n= 102)

BCWP
BP
TF

NO-3-N NH+4-N P043-_P
3.1
1.1
0.2
(0.1)
0.6
0.4
(0.1)
3.7
1.7
0.6
(0.2)

3.2
1.1
0.7
(0.1)
0.6
0.6
(0.1)
3.8
1.7
1.3
(0.2)

0.05
0.03
0.25
(0.05)
0.02
0.23
(0.06)
0.07
0.05
0.48
(0.10)

K+

Ca2+

Mg2+

Na+

4.5
2.0
38.4
(4.5)
1.0
25.2
(4.7)
5.5
3.0
63.6
(8.8)

7.2
3.9
15.0
(1.3)
1.9
8.7
(1.2)
9.1
5.8
23.7
(2.3)

6.0
2.0
4.8
(0.5)
0.4
2.9
(0.5)
6.4
2.4
7.8
(1.0)

45.6
17.9
27.9
(3.5)
2.6
13.4
(1.7)
48.2
20.5
41.3
(5.1)

adding input to the BP collector (Table 6). Calculated net retention of H+ and
inorganic N by the canopy represented 92 and 71% of total deposition, respectively (Table 5). Net retention of NOg- represented 91% of total deposition for
events where u > 2 m s-1,and 38% of deposition for events where u < 2 m s-'.
Net leaching of P043- and metallic cations occurred from the canopy (Table
5).
DISC US SION

Cloud waterand precipitation
Wind-driven cloud water and precipitation depth, calculated for events
where u > 2 m s-' from BCWP and BP data, was greater than horizontal precipitation depths (c.f. Bruijnzeel & Proctor 1995, Stadtmuller 1987) reported
from most of the other TMFs where similar collectors were used (Table 7).
Although cloud water and precipitation depths are typically estimated with
artificialsurfaces, considerable uncertainties exist in using these estimates to
calculate deposition to an aerodynamicallyrough forestcanopy. Other methods
to estimate cloud water and precipitation deposition to a forestcanopy include
the hydrologicbalance technique (Juvik& Nullett 1995, Lovett 1988), the use
of cloud water deposition models (Coe et al. 1991, Lovett 1984, Miller et al.
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Table 6. Ion clepositionin BP, estimatediOI depositioniin cloud water and mist (CW) uisingNa+ imiass
and
balaniceto calcutlateiOI depositionito the canopy,the sum of BP and CW, ion fluxesin throughfall
stemflow(TF + ST), anidpercentnet retentionof iOlnsbythe canopy(mean ? SE).
Deposition
(kg ha-l57-t)
CW

Ion

BP

H+
NO-3-N
NH+4-N

0.32
1.7
1.7

0.17
1.7
1.7

K+

3.0
5.8
2.4
20.9

2.2
2.4
3.2
22.9

P043--P
Ca2+
Mg2+

Na+

0.05

0.02

BP + CW

TF + ST
(kg ha' y-')

Percentnet
retention

0.49
3.4
3.4
0.07
5.2
8.7
5.6
43.8

0.04
0.6
1.4
0.50
66.8
26.1
8.6
43.8

92 ? 2
82?6
61? 6
-614 ? 149
-1185 ? 169
-200 ? 26
-54 ? 18
0? 12

1993), and micrometeorological techniques (Beswick et al. 1991, Gallagher et
al. 1992, Vong & Kowalski 1995). All of these methods have limitations and
typicallyrequire extensive hydrological and/or meteorological measurements.
For example, an assumption implicit in the hydrologicbalance method is that
canopy surfaces are completely saturated, or that the amount of water stored
by the canopy is in steady state. For a canopy with abundant epiphytes in a
windyenvironment,water storage by the canopy is large and likely to be highly
variable, potentially resulting in errors when this method is used to estimate
cloud water and precipitation deposition. The hydrologicbalance method also
relies on accurate TF + ST estimates, which are difficultto obtain in structurally complex forests (Bruijnzeel 1990, Lloyd et al. 1988, Lovett 1988, Puckett
1991).
Modelling approaches have been used successfully to estimate cloud water
deposition to the canopy at a number of temperate forestsites (Coe et al. 1991,
Gallagher et al. 1992, Lovett 1984,Johnson & Lindberg 1992, Miller et al. 1993),
but these models typicallyrely on accurate estimates of the liquid water content of cloud and other meteorological variables, which require relativelycomplex instrumentation. Micrometeorological techniques that calculate the
covariance between wind conmponentsand liquid water content of cloud also
require complex, fast-responsemeteorological instrumentation,including sonic
anemometers which are prone to cloud water droplet coalescence and subsequent interferences(Beswick etal. 1991, Gallagher etal. 1992, Vong & Kowalski 1995). In addition, these latter methods were designed to estimate only
cloud water deposition, and have not been used to estimate the deposition of
wind-drivenprecipitation to a forest canopy. Wind-driven precipitation is an
important hydrologicinput to many TMFs, and obtaining accurate estimates
at remote sites is a challenge for future resear-ch.
Volume-weighted mean pH in both BCWP and BP was intermediate when
compared to values fromother tropical premontane and TMF sites in Central
and Northern South America (Table 8). Nitrate and NH4+ concentrations in
BCWP and BP in Monteverde were greater when compared to those in wet
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Table 7. Precipitatioin
depthcollectedwithstaindai-d
i-aiingaUges,additioinalclouLdwatei aindpiecipitation
depth collectedwithASRC or Nagel-typecollectors,aindcloud water and precipitationas a percentageof
precipitationat selectedTMF sites.

Locationi

Precipitationdlepth

Cloud waterand
precipitationdepth
(mm)

Per-cent

257
597
746
853
942
1082
1495
1630
3191

98
125
166
796
159
339
2295
522
886

38
21
22
93
17
31
154
32
28

3630

1130

31

(MImll)

PL'u La'aU, Hawvaiii
Jalapa, Mexico'
Mexicob
Altotoniga,
Se-ranifa
cle Macuira,Colombiac
Teziutlani,Mexico'
TortUtla, Mexico"
CodclilleraCentral,Panam5if'
SanitaAna, Veinezuela'
Costa Rica'
Montevercle,
Corcdillera Central,

Paniaim5ad

4461
5696

Cerro Copey,Veniezuelac
Cor-dillera
Cenitral,Panamra"'

10
8

458
448

IJuvik& Nullet (1995).

bVogelmiauin (1973).

c Cavelier & Goldcstein
(1989).
dCavelieret al. (1996).
Thlisstudy.

deposition in El Verde, Puerto Rico and BP in Turrialba, Costa Rica, but NHJ
concentrations were much greater in BP in Santa Rosa de Cabal, Colombia.
Phosphate concentrations in BCWP and BP in Monteverde were at the low end
of the range of concentrations from the other premontane and TMF sites.
Metallic cation concentrations in BCWP and BP in Monteverde were intermediate when compared to the other premontane and TMF sites. Both estimated
rates of ion deposition to the canopy and in BP in Monteverde were generally
within the range of deposition rates in BP reported from other tropical premontane and TMF sites, although NH+-N deposition was nluch greater in
Colombia (Table 9).
(BP) at tr-opical
Table 8. Volume weiglhtecd
mean pH ancd ion concentrationsin btulkpr-ecipitation
pre-monitanieandclTMF sites in cenltral anld northerni South Amiierica. nd = niotdeter-minied.

Ion concenitr-ation
(mg 1')
Location

pH

Santa Rosa cle Cabal,
Columbia2

4.40
4.39
San Eusebio,VeniezuLela'"4.55
Monteverde,Costa Ricac 4.88
5.00
El Ver-de,PutertoRico"
5.14
5.34
Turr-ialba,
Costa Ricad

NO-3-N NH-4-N PO43-_P
n.d.
n.d.
n.d.
0.09
0.05
0.04
0.02

0.86
0.77
n.d.
0.09
0.05
0.02
0.05

0.034
0.033
In.d.
0.002
0.002
0.001
0.004

K+

Ca2+

Mg'+

Na+

0.38
0.48
0.17
0.14
0.09
0.09
0.11

0.48
0.51
0.36
0.22
0.18
0.34
0.06

0.15
0.17
0.33
0.16
0.07
0.22
0.04

1.14
1.10
0.21
1.23
0.63
1.63
0.25

*lVeneklaas(1990): sites at 2550 and 3370 nmelevation.
" Steinihardct
& Fassbender(1979): 2300 nmi
elevation.
BP.
'This sttuldy:
1480mnelevation,values forBCWP andcl
forwvet-only
McDowelletal. (1990): 400 m elevation,NO-3-Nand NHW,-N
deposition.
Hendrli
y etal. (I1984):650 m elevation.
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Throughfall
Interception loss by the canopy calculated for events where u < 2 m s' was
at the high end of the range of interception estimates from other TMFs, and
interceptionloss calculated fromannual BP and BP + CW depths exceeded this
I

k* =BP,u<2ms1

6000

.

I

I

,

E

k

U = BP, all events
A =BP+CW
a to k Othersites
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(

4000

II-
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2000
1000
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e
e/dg
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_
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I
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I
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Precipitation depth (mm)
Figure 1. Annual precipitation depth (mm) versus mean throughfall depth (mm) at selected premontane
and TMF sites. Symbols represent TF depth (mean SE, mm) at Monteverde, letters are other sites; a =
&
JuLvic & NuLllet(1995), b = Caveliei- & Goldlsteini(1989), c = Ltndgren & Lundgren (1979), d =Veneklaas
&
Van Ek (1990), e = Stadtmuller & Aguedelo (1990), f= Steinhardt (1979), g = Vis (1986), h =Clements
Colon (1975), i = Edwarcls (1982), j = Mamanteo & Ver-acion (1985), k = Weaver (1972).

range (Figure 1). Three factors may have contributed to the relatively high
interception loss at this site: (i) rates of evaporation from the canopy on leeward slopes may be large when compared to those fromwindward or ridge top
forests, (ii) hydrologicflux to stems may have been relatively large, and (iii)
TF sampling may have been biased and underestimated hydrologicflux to the
forestfloor.Because the site is located to the lee of the continental divide and
is oftenbehind the trailing edge of the hill cap cloud, frequent but intermittent
cloud water and precipitation events were interspersed with periods of relativelygreater shortwaveradiation fluxand atmospheric vapour pressure deficit.
Coupled with the large water storage capacity of epiphytes in the canopy
(calculated at c. 8 mm precipitation; Clark 1994), and their relativelylow resistance to water vapour loss when at or near saturation, these factors may have
resulted in high rates of evaporation fromthe canopy (Gallagher & Choularton
1989). Transpiration from abundant vascular epiphytes and hemi-epiphytes,
many of which have access to water stored in the large accumulations of litter
and humus on stems and branches, may also have contributedto the apparently
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high rates of evaporation and hence precipitation interception at this site. It
is also possible that the movement of relativelywarm, dry air masses fromthe
lowlands over the site contributedenergyto evaporation process (Calder 1990).
Estimated interception loss at this site may also have been confounded by
the diversion of water frombranches to stems via conduction through continuous mats of epiphytes. Although a considerable amount of precipitation fell
before stemflowwas generated when the canopy was initially dry (K. Clark,
pers.obs.), this pathway may represent a significantflux of water to the forest
floorwhen continuous mats of epiphytes are saturated forlong periods of time.
A number of TMF sites which receive over 2500 mm of precipitation have relativelyhigh values forprecipitationinterception,suggesting that hydrologicflux
along stems may also be substantial in these other forests(Figure 1). Relatively
large stemflowfluxes have been reported from elfin forest sites with a high
densityof sterns(Weaver 1972), but informationforother TMF sites is limited.
Hydrologic fluxin TF is highlyvariable in structurallycomplex forests,thus
it is difficultto sample accurately (Bruijnzeel 1990, Lloyd et al. 1988, Puckett
1991). However, when 26 to 40 throughfall collectors were used to sample
TF events at this site from 15 April to 20 June, 1988, mean interception loss
represented 32% of incident precipitation (K. Clark, unpubl. data), similar to
the results obtained in the October 1991 to September 1992 sampling period
reported here. Therefore, it is unlikely that our sampling underestimated TF
amounts.
Ion deposition
and netretention
bythecanopy
Because of the difficultiesinvolved in the estimation of wind-drivencloud
water and precipitation deposition, the Na+ mass balance used here is a valuable method to estimate total deposition to some TMFs. However, this method
likelyapplies only to relativelywet, tradewind-dominatedsites because (i) rates
of Na+ deposition are relativelyhigh (Table 9), (ii) Na+ and other ion concentrations in cloud water and precipitation are significantlycorrelated (McDowell et
al. 1990, Table 4), and (iii) precipitation interception and subsequent evaporation is a relativelylarge portion of the latent heat fluxso that rates of transpiration and associated Na+ uptake from soil solutions may be relatively low
(Bruijnzeel & Proctor 1995, Grubb 1977).
Few other estimates exist for the net retention of ions by the canopy in
TMFs. The canopy at Monteverde retained a greater proportionof H+, a similar
proportion of NO;--N, and a lower proportion of NH,+-N from atmospheric
deposition when compared to proportionsof these ions retained by the canopy
from cloud water during 12 events without precipitation at Pico del Este,
Puerto Rico (74, 75 and 79%, respectively;Asbury et al. 1994). The canopy in
Monteverde retained a greater proportionof the NH4-N in atmospheric deposition when compared to that retained by the canopy in Santa Rosa de Cabal,
Colombia (Table 10). The proportionsof P03- -P and Ca2' removed from the
canopy in Monteverde were greater, and the proportionsof K+ and Mg2+were
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Table 9. Ion depositionin bulk precipitation(BP) at tropicalpremontaneand TMF sites in Central and
NorthernSouthAmerica.n.d.= not determined.
Ion deposition(kg ha-ly-'
1)
H+

Location

NO-3-N NH+4-N

K+

P043-_P

Ca2+

Na+

Mg2+

n.d.

0.4

n.d.

0.10

3.0

18.3

18.5

4.4

Turrialba,Costa Ricab 0.09
El Verde,PuertoRicoc 0.25
Pico del Este, Puerto 0.32

0.5
2.0
5.3

1.2
1.5
6.9

0.09
n.d.
n.d.

2.5
3.3
27

1.4
11.4
47

1.1
7.7
30

5.9
55.4
247

Monteverde,Costa
Ricae
San Eusebio,
Venezuela'
Santa Rosa de Cabal,

0.49
0.32
0.81

3.4
1.6
n.d.

3.4
1.6
n.d.

0.06
0.04
n.d.

5.2
3.0
2.6

8.7
5.8
5.6

5.6
2.4
5.2

43.8
19.5
3.3

0.84

n.d.

11.2

0.72

7.9

10.1

3.2

24.1

0.59

n.d.

18.3

0.48

6.9

7.3

2.5

15.9

Siguartepeque,

Hondurasa

Ricod

Colombiag

aKellman et al. (1982).

"Hendryetal. (1984).
cMcDowell etal. (1990); NO-3-Nand NH+4-Nforwet-onlydeposition.
dAsbury et al. (1994).
e This study;estimatesfordepositionto the canopyand BP.
fSteinhardt& Fassbender(1979).
gVeneklaas (1990); sites at 3370 and 2550 m elevation.

Table 10. Estimatedion depositionto the canopyulsinga sodiummass balance (D), ion fluxesin throughfall
(TF), and percentnet retention(%NR) of ions by the canopy.n.d.= not determined.
Ion depositionor flux
(kg ha-i y-l)

H+

Location
San Eusebio,

D
TF

Venezuelaa

Santa Rosa de Cabal,
Colombiab

%NR

n.d.
n.d.
-

n.d.
n.d.
-

D
TF

n.d.
n.d.

D
TF

n.d.
n.d.

n.d.
n.d.

D
TF
%NR

0.49
0.04
92

3.4
0.6
82

%NR

Monteverde,Costa
Rica'

NO-3-N NH+4-N P043-_P

%NR

-

-

n.d.
n.d.
-

-

n.d.
n.d.
-

22.8
21.5
6

11.2
11.6

-3

K+
1.96
1.38

30

0.80
1.67

-109

0.48
0.40

17

Ca2+

Mg2+

3.5
69.7

7.5
6.9

8.8
95.2

11.3
27.1

-1891

8

Na+
6.9 4.4
3.3 4.4

52

0

3.6 26.9
10.7 26.9

-982

-140

-197

0

-378

-158

-180

9

6.9
33.0

3.4
0.06
5.2
1.4
0.50
66.8
-614
61
-1185

7.3
18.8

8.7
26.1
-200

2.5 15.9
7.0 14.4

5.6 43.8
8.6 43.8
-54
0

aSteinhardt (1979).

bVeneklaas (1990); sites at 2550 and 3370 m elevation.
cThis stucly.

intermediate when compared to values calculated for Santa Rosa de Cabal,
Colombia, and San Eusebio, Venezuela.
A more complete data set forion deposition and net retention by the canopy
exists for temperate sites in North America as part of the Integrated Forest
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Study (IFS; Lindberg &Johnson 1992). Estimated H+ and inorganic N deposition to the canopy at Monteverde was at the low end of the range of deposition
estimates of 0.25 to 2.00 kg H' ha-' y`, and 4.8 to 27 kg N ha-' y-' reported
from IFS sites. This reflects the facts that no major urban areas or point
sources of H+, NOR, or NH3 exist in the vicinity,and that cloud immersion was
estimated to occur onlyc. 7% of the time at this site. In addition, drydeposition
of HNO3 and NH3 may have been underestimated by the BCWP and BP collectors used at this site. Although only two relativelylong dryperiods occurred
during the sampling period (148 and 170 h), they occurred at the end of the
dry season when biomass burning activities in the region were greatest and
atmospheric concentrations of HNO3, NH3, and other gases and particles containing inorganic N were likely to be high.
Net retention of H+ and inorganic N by the canopy at Monteverde was within
the range of -0.2 to 0.5 kg H+ ha-' y-' and 1 to 12 kg N ha-' y-' reported from
the 12 sites in the IFS (Johnson & Lindberg 1992). Percent net retention of
inorganic N by the canopy was greater at Monteverde when compared to most
IFS sites (71 vs. 49 ? 21% (mean ? SD), range of 11 to 82%), but was closer to
the values reported fromthe foursites where canopies had a substantial coverage of non-vascular epiphytes (62 ? 14% (mean ? SD); Great Smokey Mountains, Tennessee; Whiteface Mountain, New York; and two sites in Thompson
Forest, Washington) (Friedland et al. 199 1,Johnson et al. 199 1, Lovett & Lindberg 1993). Net retention of NO3--N by the canopy was greater than that of
NHJ+-Nat this site (80 vs. 61%), and NO3--N flux in TF was only 46% of the
NH,+-N flux. The lower net retention rate of NH4-N may have been partially
due to the leaching of NH,+-N mineralized fromlitter and humus in the canopy
(Clark 1994, Coxson 1991, Vance & Nadkarni 1990). Net retention of N03--N
was approximately equal to that forNH4-N at the IFS sites. However, N03--N
fluxes in TF +ST were 1.5 to 6 times greater than those of NH4-N, which
reflect the relatively large dry deposition rates of HNO3 and particles containing NO3 to a number of temperate forestsin North America. Net retention
of N03--N averaged 57% of NO3--N deposition for the four canopies in the IFS
which had a substantial coverage of epiphyticvegetation (Lovett & Lindberg
1993).
Although biomass burning may have increased inorganic N concentrations
in cloud water and precipitation in Monteverde at the end of the dry season,
deposition of inorganic N was intermediate when compared to other premontane and TMF sites, and relativelylow when compared to deposition estimates
from the IFS sites. The majority of the H+ and inorganic N in atmospheric
deposition was retained by the canopy. Results from a canopy hydrologyand
inorganic N flux model suggest that epiphytic bryophytes (mosses and
liverworts)and assemblages of epiphyticbryophytes,vascular epiphytes,litter
and humus accounted for c. 80% of the inorganic N retained by the canopy
(Clark 1994). These abundant epiphytes may initially retain inorganic N as a

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

42

KENNETH

L. CLARK

ET AL.

functionof N deposition fromthe atmosphere, and may buffer'pulses' of inorganic N before they reach the forest floor.Retained N is apparently added to
the relatively large pools of N in epiphytic biomass, litter and humus in the
canopy (Vance & Nadkarni 1990, 1992), and eventually to the very large pool
of N in soil organic matter (Bruijnzeel & Proctor 1995, Edwards & Grubb 1977,
Grieve et al. 1990). For example, epiphytic bryopliyteswere only moderately
productive, but bryophyte-derivedlitter decomposed very slowly, and net N
accumulation was estimated at 8 to 13 kg ha-' y-' (Clark et al. 1997). Unfortunately, there is little informationon leaching of NO3- fromTMFs, but evidence
suggests that forestgrowthmay be N limited (Grubb 1977; Tanner et al. 1990,
1992). Therefore, it is possible that TMFs are more resistant to increases in N
deposition than many temperate montane forests,because increased N inputs
may initially stimulate the production of both epiphytes and their host trees,
and are then stored in highlyrecalcitrant canopy and soil organic matter. However, the effectsof increased, long-termN deposition to TMFs, particularly to
those on windward slopes and ridges which receive greater cloud water inputs,
are unknown and await furtherinvestigation.
ACKNOWLEDGEMENTS

We thank the Tropical Science Center and the Monteverde Cloud Forest
Reserve foraccess to the fieldsite and logistical support. R. Solano, N. Barbour,
and students fromthe Universityof California Education Abroad Program and
Youth Challenge International assisted with fieldwork.Jim Bartose at the Analytical Research Laboratory and Mary Mcleod at the Forest Soils Laboratory,
University of Florida, assisted with chemical analyses. Drs. S. Bruijnzeel, G.
Lovett, M. Forti and an anonymous reviewer provided comments which
improved an earlier version of the manuscript. This research was partially
supported by NSF (BSR 86-14935 and 90-18006), the Whitehall Foundation,
and the National Geographic Society Committee forResearch and Exploration.
LITERATURE

CITED

ABER, J. D. 1992. Nitrogencyclingand nitrogensaturationin temperatefor-est
ecosystems.Tr-enids
in
Ecology and Evolutioni7:220-223.

ASBURY, C. E., MCDOWELL, W. H., TRINIDAD-PIZARRO, R. & BERRIOS, S. 1994. Solute deposition
fromcloucdwater to the canopy of a Puerto Rican montane forest.Atmosp9heric
28:1773Enivironmtiienit
1780.
BENZING,

D. H. 1990. V1ascutlar
genieralbiology anid related biota. Cambridge University Press,
epiplqytes:

Cambridge,England. 354 pp.
BESWICK, K. M., HARGREAVES, K., GALLAGHER, M. W., CHOULARTON, T. W. & FOWLER, D.
1991. Size i-esolvedmeasur-ements
of cloud cdoplet depositionvelocityto a foi-estcanlOpy uLSiIng
an

S'ociety117:623-645.
eddy coi-i-elation techniquLe. Quarterly
Journlalof the Royal MvIeteorological
anideffects
a state of ktnozwledge
reviewv.
BRUIJNZEEL, L. A. 1990. Hydrologyof moisttropicalfor-ests
of conrversioni:

IHP-UNESCO Humid Tropical Piogiammile,
Paris. 224 pp
of tropicalimionitane
BRUIJNZEEL, L. A. & PROCTOR, J. 1995. Hydiologyand Isiogeochemnistry
cloucl
foi-ests:wvvhat
do we really kno-w?Pp. 25-46 in L. S. Hamiltoni,J. 0. Juvik & F. N. Scatenia (ecls),
Tropical miionitanie
cloudforests.Springer-Verlag, New York.

York. 148pp.
CALDER, I. R. 1990. Evaporationiini theupland(ls.
J. Wiley & Sons, Newvv

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

retention
Ion deposition
and netcanop?y

43

CAVELIER, J. & GOLDSTEIN, G. 1989. Mist and fog interceptionin elfincloucl forestsin Colombia
and Venezuela. Journialof Tropical Ecology 5:309-322.

CAVELIER, J., SOLIS, D. & JARAMILLO, M. A. 1996. Fog interceptionin montane forestsacross the
Journal of TropicalEcology12:357-369.
Central Cordillera of Panamnai.

CLARK, K. L. 1994. The role of epipyliticbr)op1ytesin the nietaccimulation anid cyclinigof nitrogenin a tropical
Ph.D. dissertation,Universityof Florida, Gainesville,Florida. 271 pp.
cloudforest.
mnontanie

litterclecomposition,
CLARK, K. L., NADKARNI, N. M. & GHOLZ, H. L. 1997. Growth,net pr-odtuction,
in
forest.Biotropica,
and net nitrogenaccumulationby epiphyticbryophytesin a tropical im-ontane
press.
CLARK, K. L., NADKARNI, N. M., SCHAEFER, D. & GHOLZ, H. L. 1998. Cloud water and
Enivironmiiienit,
precipitationchemistryin a tropicalmontaneforest,Monteverde,Costa Rica. Atmlospheric
in pr-ess.

CLEMENTS, R. G. & COLON, J. A. 1975. The rainfallinterceptionprocess and mineral cyclingin a
montanerain forestin eastern Puerto Rico. Pp. 813-823 in Howell, F. G., Gentry,J. B. & Smith,M.
ecosysteins.Technical InformationCenter, Energy Research
H. (eds), Mineral cvclin1g in southeasterni
Washington,D.C.
Developmentand Administration,
COE, H., CHOULARTON, T. W., CARRUTHERS, D. J., GALLAGHER, M. W. & BOWER, K. N. 1991.

of the Rojal Meteorological
A mocdel of occult deposition applicable to complex ter-raini.QiiarterlpJowrnal

Society117:803-823.
in tr-opicalmontane rain forest
COXSON, D. S. 1991. Nutrient release from epiphyticbr-yophytes
(Guadeloupe).

Canadian2Journialof Botaig, 69:2122-2129.

CRUTZEN, P. J. & ANDREAE, M. 0. 1990. Biomass burningin the tropics:impacts on atmospheric
and biogeochemicalcycles. Science250:1669-1678.
chemistr-y
DISE, N. B. & WRIGHT, R. F. 1995. Nitrogenleaching fromEuropean forestsin relation to nitrogen
deposition. Forest Ecology and Management 71:153-161.

DRAAIJERS, G. P. J., ERISMAN, J. W., SPRANGER, T. & WYERS, G. P. 1996. The application of
30:3349for atmosphericdeposition im-onitor-ing.
Envirownent
Atmiiospheric
throughfallmeastur-ements
3361.

EDWARDS, P. J. 1982. Studies of mineralcyclingin a montanerain forestin New Guinea. V. Rates of
cyclingin throughfalland litterfall.JournialofEcology70:807-827.
EDWARDS, P. J. & GRUBB, P. 1977. Studies of mineral cyclingin a montane rain forestin New

Gtuinea. I. The distribution of organic matter in the vegetation and soil. Jour-nalof Ecology 65:943969.
FALCONER, R. E. & FALCONER, P. D. 1980. Determination of clotucdwater acicdityat a motuntain
observatory in the AcdironclackMotuntains of New York State. Journialof GeoplysicalResearch 85:7465-

7470.
FOWLER, D., CAPE, J. N., LEITH, I. D., CHOULARTON, T. W., GAY, M. J. & JONES, A. 1988. The
Environmiiienit
22:1355-1362.
influenceof altitucdeon rainfallcompositionat Great Dun Fell. Atmiiospheric
FRIEDLAND, A. J., MILLER, E. K., BATTLES, J. J. & THORNE, J. F. 1991. Nitrogendeposition,
distribtution,and cycling in a subalpine spruce-fir forest in the Adirondacks, New York, U.S.A.
14:31-55.
Biogeocheemistrlj

GALLAGHER, M. W., BESWICK, K., CHOULARTON, T. W., COE, H., FOWLER, D. & HARGREAVES,

K. 1992. Measturements and modelling of clotucdwater
deposition to moorland and for-ests.Eniviroiinmenltal
Polluitioni75:97-107.

on occtultcleposition
GALLAGHER, M. W. & CHOULARTON, T. W. 1989. The effectof solar racdiation
Society 115:701-708
over hills. Quartai-ly
Journiialof the Royal AlIeteorological
GALLOWAY, J. N. 1996. Anthropogenic mobilization of stulphturand nitrogen: immecdiate ancd delayed
21:261-92.
anid the Environiment
consequences. AnniiualReview of Eniei-gy
GALLOWAY, J. N., LEVY II, H. & KASIBHATLA, P. S. 1994. Year 2020: consequences of poptulation
growth and development on deposition of oxidized nitrogen. Anibio 3:120-123.
T. C. 1994. Sttudies of fog events at two clotud
GORDON, C. A., HERRERA, R. & HUTCHINSON,
Enivir-onmiient
28:3 17-322.
forests near Caracas, Veneztuela-I. Frequiency ancl cltdrationof fog. Atnmospheric

GRIEVE, T. G. A., PROCTOR, J. & COUSINS, S. A. 1990. Soil variationwithaltittudeon Volcan Barva,

Costa Rica. Catenia 17:525-543
GRUBB, P. J. 1977. Control of forest growth and clistribution on wet tropical mountains; with special
reference to mineral nutrition. AnnuzialReview of Ecology anid Syste;natics8:83-107.
HARWOOD, J. E. & KUHN, A. L. 1970. A colorimetric method for ammonia in nattural waters. WvaterResoui-cesResearchl4:805-811.
E. S. 1984. Precipitation chemistry at Tturilalba,
HENDRY, C. D., BARRISH, C. W. & EDGERTON,
Costa Rica. Water-Resouirces
Resear-ch20:1677-1684.
L. R. 1967. Life zone ecologj'.Tropical Science Center, San Jose, Costa Rica. 67 pp.
HOLDRIDGE,
INGRAM, S. W. & NADKARNI, N. M. 1993. Composition and clistribtutionof epiphytic organic matter
in a neotropical clotud forest, Costa Rica. Biotr-opica25:370-383.

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

44
JOHNSON,

KENNETH
D. W. & LINDBERG,

L. CLARK

ET AL.

S. E. 1992. Atmiospher-ic
cyclingin for-estecosystems.
depositionianid nuztr-ienit

Springer-Verlag,
New York. 707 pp.
JOHNSON, D. W., VAN MIEGROET, H., LINDBERG, S.E., HARRISON, R. B. & TODD, D. E. 1991.
Ntitrientcyclingin red sputiceforestsof the Great Smoky Mountains. Caiiadiani Journ-ialof Forest
Resear-ch21:769-787.

JUVIK,J. 0. & NULLET, D. 1995. Relationslhips
betweenrain-fall,
clotucd-water
interceptioin,
ancl canopy
throtighfall
in a Hawaiian montane forest.Pp. 102-114 in Hamilton,L. S., Juvik,J. 0. & Scatena,
F. S. (eds). Tr-opicalinionitanie
Springer-Verlag, NewvYork. 264 pp.
clozudfor-ests.

KELLER, M., JACOB, D. J., WOFSY, S. C. & HARRISS, R. C. 1991. Effectsof tropicalcleforestation
on global and regionalatmosphericchemistry.ClimiiaticChalnge 19:139-158.
KELLMAN, M., HUDSON, J. & SANMUGADAS, K. 1982. Temporal variabilityin atmosphericntutrient

influx to a tropical ecosystem. Biotropica 14:1-9.
LAWTON, R. 0. & DRYER, V. 1980. The vegetation of the Montevercle Cloud Forest Reserve. Breniesia
18:101-116.
LLOYD, C. R., GASH, J. H. C., SHUTTLEWORTH,
W. J. & DE 0. MARQUES-FILHO,
A. 1988. The
measturenment
and modellingof rainfallinterceptionby Amazonian rainforest.Forest anidAgi-lcziltzural
leteo-ology43:277-294.

LOVETT, G. M. 1984. Rates ancdmeclhanisms
of clotucd
water clepositionto a stubalpine
coniferotus
forest.
Atmospheric
Enivirotinmenit
18:361-371.

LOVETT, G. M. 1988. A comparisonof methocdsfor estimatingclotudwater clepositionto a New
Hampshire,USA stubalpineforest.Pp. 309-320 in Unsworth,M. H. & Fowler,D. (ecis).Aciddleposition
at high elevationisites. Kltiwer, Dordrecht, The Netherlands.

LOVETT, G. M. & KINSMAN,J. D. 1990. Atmosphericpolltutant
depositionto high-elevation
ecosystems.
Enivironimenit
24A: 2767-2786.
Atmospheric
LOVETT, G. M. & LINDBERG, S. E. 1993. Atmospheric deposition ancd canopy interactions of nitrogen
in forests. CaniadianJour-nalof Forest Research 23:1603-1616.
LOVETT, G. M. & REINERS, W. A. 1986. Canopy structtureand clotud water cleposition in subalpine
coniferotusfor-ests.Tellus 38B:3 19-327.
LUNDGREN, L. & LUNDGREN, B. 1979. Rainfall interception ancd evaporation in the Maztumbai forest
reserve, West Usambara Motuntains, Tanzania. GeografiskaAiinnaler61A:157-177.
F. J. H., HERON, J. & TALLING, J. F. 1978. WVateranalaysis.Scientific Publication-s
MACKERETH,
Freshwater Biological Association No. 36. pp.
MAMANTEO, B. P. & VERACION, V. P. 1985. Measurements of fogclrip,throughfall ancl stemflow in
the mossy and Benguet pine (Pinius kesi)a Royal ex. Gordon) forests in the upper Agn-o river basin.
Syl)atrop,the PhilippiniesForest ResearchJouwrnal10:271-282.
W. H., SANCHEZ, C. G., ASBURY, C. E. & RAMOS PEREZ, C. R. 1990. Influien-ceof
MCDOWELL,
sea salt aer-osols and long r-ange tr-ansport on pr-ecipitation chemistr-yat El Verdcle,Ptuer-toRico.
24A:2813-2821.
Enivirotitnenit
Atniospher-ic

MILLER, E. K., FRIEDLAND, A. J., ARONS, E. A., MOHNEN, V. A., BATTLES, J. J., PANEK, J. A.,

KADLECEK, J. & JOHNSON, A. H. 1993. Atmosplheric deposition to forests along an elevatioinal
Env)ironmlenlt
27A:2121-2136.
gradient at Whiteface Motuntain, NY, U.S.A. Atmospheric
MONTEITH, J. L. & UNSWORTH, M. H. 1990. Prinlciples of'enz)ironimenital
physics,(2nidEdition). Ecdward

Arnold,London. 291 pp.

NADKARNI, N. MI. 1984. Epiphyte biomass andclnutitrientcapital of a neotropical elfin-forest. Biotropica
16:249-256.
NADKARNI, N. M. 1986. An ecological overvliew andclchecklist of vascular epiphytes in the Monteverde
ClotudForest Reserve,Costa Rica. Breniesia 10:35-39.
NADKARNI, N. M. & TMATELSON, T. J. 1991. Dyn-amics of fine litterfall witlhinthe can-opyof a tropical
clotud forest, Monteverde. Ecology 72:2071-2082.
NADKARNI, N. M., MATELSON, T. J. & HABER, W. A. 1995. Stutictturalcharacteristics andclfloristic
composition of a ineotropical clotucdforest, Mointevercle,Costa Rica. Journ-lal
ofjTropical Ecology 11; 481495.

OLSEN, S. R. & SOMMERS, L. E. 1982. Phosphortus.
Pp. 403-430 in Page, A. L., Miller, R. H. &

Keeney, D. R. (eds). AMethods
of soil anialysis.Part 2: Chemical anzdmiiicrobial
pr-operties.
Americanl Society

of Agronomyand the Soil Science Societyof Amarilo,Madison, Wisconsin.1159pp.
in the forestnutrtiien-t
PARKER, G. G. 1983. Throughfallan-dsteml-flow
cycle.Advanicesin EcologicalResearch
13:57-133.
volume
PUCKETT, L. J. 1991. Spatial variabilityancdcollectorrequirementsfor sampling thlotughfall
ancdchemistryuindermixed-hardwood
canopy.CaniadianiJourn-lal
ofForestResour-ces21:1581-1588.
SCHAEFER, D. A. & REINERS, W. A. 1990. Throtughfall
chemistryandcl
can-opyprocessingmechanisnms.
Volume3. Sources,
Pp. 241-284 in Lindberg,S. E., Page, L. A. & Norton,S. A. (eds). Acidpr-ecipitationl:
anzdcaniopyiniteractionis.
Springer-Verlag, Berlin, New York.
depositioni

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

Ion deposition
and netcanopyretentioni
SCHULZE,

783.

45

E. -D. 1989. Air polltutionand forest decline in a sprtuce (Picea abies) forest. Science 244:776-

STADTMULLER,
T. 1987. Cloud forests in the huzmidtropics.a bibliograp)hicrez)iew,.Centro Agronomico
Tropical cle Investigacion y Ensenanza, Tturrialba, Costa Rica. 81 pp.
STADTMULLER,
T. & AGUDELO,
N. 1990. Amotunt an-d variability of clotucdim-oistture
inptut in a
tropical clotud forest. Initerntationial
Associationiof
Hjdrological Sciences Publicationi193:25-32.
STEINHARDT,
U. 1979. Unterstuchutngenfiber clen Wasser- indclNahrstofflhatishalt eines ancdienen
Wolkenwaldes in Veneztuela. Gdttiniger
Bodeikuzniidlichie
Berlichte56: 1-185.
STEINHARDT,
U. & FASSBENDER, H. W. 1979. Caracteristicas y composici6n quimi-icacle las 11vuias
del los Andes occidentales cle Veneztuela. Tzurrialbai
29:175-182.
STEVENS, P. A., NORRIS, D. A., SPARKS T. H. & HODGSON, A. L. 1994. The impacts of atmospheric
nitr-ogen inptuts on- throtughfall,soil ancd stream water inter-actions for cliffer-entagecl for-estancl
moorland catchments in Wales. 'I7ater,Air-,anid Soil Pollzutioni73:297-317.
SYSTAT, 1992. SYSTAT. The sYsteinz
for-statistics.Systat, Inc., Evan-ston, Illin-ois. 257 pp.
TANNER, E. V. J., KAPOS, V. & FRANCO, W. 1992. Nitrogen ancd phosphortus fertilization effects of
Venezuelan mon-tane forest trtunkgrowth and litterfall. Ecology 73:78-86.
TANNER, E. V. J., KAPOS, V., FRESKOS, S., HEALY, J. R. & THEOBALD, A. M. 1990. Nitrogeni ancd
phosphorus fertilization-of Jamaican- im-ontaneforest trees. Jozurinal
of Tr-opicalEcology 6:231-238.
ULRICH, B. 1983. Interaction of forest canopies with atmospheric constittuents: SO,, alkali an-d earth
alkali cations ancl chloride. Pp. 33-45 in Ulrich, B. & Pankrath, J. (ecis). Effectsof accumulationiofjair
D. Reidel, Dorcdrecht,The Netherlancds.
pollutanitsin for-est
ecosysteins.
VANCE, E. D. & NADKARNI, N. M. 1990. Microbial biomass and activity in canopy organ-ic im-atter
and the forest floor of a tropical clotud forest. Soil Biology anidBiocheiniistrj'
22:677-684.
VANCE, E. D. & NADKARNI. N. M. 1992. Root biomass clistribtutionl
in a moist tropical im-on-tane
forest.
Planit and Soil 142:31-39.
VAN EK, R. AND DRAAIJERS, G. P. J. 1994. Estimates of atmospheric deposition- andclcanopy exchange
for three comml-ontree species in the Netherlan-ds. Water,Air, anid Soil Pollutioni73:61-82.
and abovegrozuid uzitr-ienlt
miioltanie
VENEKLAAS, E. V. 1990. Rainfall iinterceptionz
tr-opical
Alumesin Colomtibiani
-ainifor-est.Ph.D. thesis, University of Utrecht, Utrecht, The Netherlandcls.
VENEKLAAS, E. V. & VAN EK, R. 1990. Rainfall in-terception-in two tropical mon-tane rain forests,
Colombia. HydrologicalPr-ocesses
4:311-326.
VIS, M. 1986. Interception, drop size distributions ancd rainfall kinetic energy in foturColomi-bian forest
ecosystems. Earth Susface ProcessesanzdLandforins11:591-603.
VOGELMANN, H. W. 1973. Fog interception in the clotucdforest of eastern- Mexico. Bioscienice23:96100.
VONG, R. J. & KOWALSKI, A. S. 1995. Ecdclycorrelation measturements of size-clependent clotud droplet
turbulent fluixesto complex terrain. Tellius 47B:331-352.
VONG, R. J., SIGMON, J. T. & MUELLER, S. F. 1991. Clotud water cleposition to Appalachian forests.
Enlvironmiiienztal
Science anzdTechnology.25:1014-102 1.

WEATHERS, K. C., LIKENS, G. E., BORMANN, F. H., BICKNELL, S. H., BORMIANN,H. T., DAUBE,

B. C., EATON, J. S., GALLOWAY, J. N., KEENE, W. C., KIMBALL, K. D., MCDOWELL,
W. H.,
SICCAMA, T. G., SMILEY, D & TARRANT, R. A. 1988. Cloud water chenmistryfrom ten sites in
North America. Emv7roninental
Science anid Technology22:1018-1026.
WEAVER, P. L. 1972. Clotud moisttureinterception in the LtuquiilloMotuntain-sin Ptuerto Rico. Caribbean
Journialof Science 12:129-144.

This content downloaded from 155.97.178.73 on Mon, 04 May 2015 04:29:51 UTC
All use subject to JSTOR Terms and Conditions

