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BIOTROPICA 30(1): 12-23 1998 
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ABSTRACT 
To understand the ecological roles of epiphytic bryophytes in the carbon (C) and nitrogen (N) cycles of a tropical 
montane forest, we used samples in enclosures to estimate rates of growth, net production, and N accumulation by 
shoots in the canopy, and litterbags, to estimate rates of decomposition and N dynamics of epiphytic bryophyte litter 
in the canopy and on the forest floor in Monteverde, Costa Rica. Growth of epiphytic bryophytes was estimated at 
30.0-49.9 percent/yr, net production at 122-203 g/m2/yr, and N accumulation at 1.8-3.0 g N/m2/yr. Cumulative 
mass loss from litterbags after one and two years in the canopy was 17 ? 2 and 19 ? 2 percent (mean ? 1 SE) of 
initial sample mass, respectively, and mass loss from litter and green shoots in litterbags after one year on the forest 
floor was 29 ? 2 and 45 ? 3 percent, respectively. Approximately 30 percent of the initial N mass was released 
rapidly from litter in both locations. Nitrogen loss from green shoots on the forest floor was greater; about 47 percent 
of the initial N mass was lost within the first three months. There was no evidence for net N immobilization by litter 
or green shoots, but the remaining N in litter was apparently recalcitrant. Annual net accumulation of C and N by 
epiphytic bryophytes was estimated at 37-64 g C/m2/yr and 0.8-1.3 g N/m2/yr, respectively. Previous research at this 
site indicated that epiphytic bryophytes retain inorganic N from atmospheric deposition to the canopy. Therefore, 
they play a major role in transforming N from mobile to highly recalcitrant forms in this ecosystem. 

Keywords: annualproduction; carbon cycle; epiphytic bryophytes; litter decomposition; litter nitrogen dynamics; Monteverde, 
Costa Rica; nitrogen cycle. 

EPIPHYTES AND THEIR ACCUMULATED dead organic 
matter (DOM) are conspicuous features of the can- 
opy in many tropical montane forests (TMFs). Ep- 
iphytes and DOM are important in the carbon (C) 
and nitrogen (N) cycles of these forests because (i) 
they intercept and retain N from atmospheric de- 
position (Nadkarni 1986a, Lugo & Scatena 1992, 
Clark 1994), (ii) rates of N2 fixation by blue-green 
bacteria associated with epiphytes and DOM have 
been estimated at up to 1.6 g N/m2/yr (Forman 
1975, Bentley & Carpenter 1984, D. Schaefer, 
pers. comm.), (iii) epiphytes and DOM store up 
to 1750 g C and 44 g N/mi2 ground area, often 
greater than the C and N mass in tree foliage (Tan- 
ner 1980a, Grubb & Edwards 1982, Nadkarni 
1984, Hofstede et al. 1993), (iv) leaching of C and 
N from epiphytes has been estimated at up to 12 

g C and 1.2 g N/m2/yr (Coxson et al. 1992, Cox- 
son 1991), and (v) they contribute up to 20 g C 
and 0.7 g N/m2/yr in litterfall, representing up to 
6 percent of the total C and 8 percent of the total 
N in fine litterfall inputs to the forest floor (Tanner 
1980b, Veneklaas 1990, Nadkarni & Matelson 
1992a). 

Although high species diversity characterizes 
the epiphyte community in TMFs (Kress 1986, 
Benzing 1990, Ingram & Nadkarni 1993), epi- 
phytic bryophytes (mosses and liverworts) and their 
accumulated DOM typically dominate in terms of 
C and N mass in the canopy, and in the fluxes of 
epiphyte litterfall to the forest floor. These nonvas- 
cular epiphytes likely play an important role in the 
accumulation of C and N in TMFs because these 
ecosystems are characterized by high humidity lev- 
els, frequent cloud cover and precipitation, and 
moderate temperatures which favor the growth of 
bryophytes (Richards 1984, Frahm 1990). Growth 
drives the uptake of N from a variety of sources, 

I Received 30 January 1996; revision accepted 28 August 
1996. 
2 Author to whom correspondence should be addressed. 
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including atmospheric deposition (Grubb et al. 
1969, Nadkarni & Matelson 1991, Clark 1994), 
N leached from other canopy components (Coxon 
1991), animal inputs, and N mineralized from 
DOM in the canopy (Vance & Nadkarni 1990). 
Because litter derived from epiphytic bryophytes 
may be characterized by relatively low rates of de- 
composition (Berg 1984, Van Toreen 1988, Roche- 
fort et al. 1990, Longton 1992), they may also be 
important in the net accumulation of C and N. 
However, quantitative information is lacking on 
the roles of epiphytic bryophytes and DOM in the 
C and N cycles of TMFs. The objectives of this 
study were to: (i) measure mass accumulation by 
epiphytic bryophyte samples and estimate their an- 
nual growth, net production, and rate of N accu- 
mulation; (ii) estimate the decomposition rates and 
N dynamics of epiphytic bryophyte litter in the 
canopy and on the forest floor; and (iii) estimate 
the net accumulation of C and N by epiphytic 
bryophytes in a TMF. 

MATERIALS AND METHODS 
STUDY SITE.-Investigations were conducted in a 4 
ha plot of primary forest in the research area of 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 other tradewind-dominated 
lower montane forests in terms of climate, forest 
physiognomy, and epiphyte mass and diversity 
(Lawton & Dryer 1980, Nadkarni 1986b, Ingram 
& Nadkarni 1993). Mean annual precipitation 
measured at a site approximately 3 km NW and 
100 m downslope from the study site between 
1959 and 1993 was 2519 mm, but advective cloud 
water and mist inputs were underestimated (J. 
Campbell, pers. comm.). Annual precipitation at 
the study site was 3191 mm between October 
1991 and September 1992, 60 percent of which 
fell during the wet season. An additional 800 mm 
was deposited as wind-driven cloud water and pre- 
cipitation (Clark 1994). Mean monthly minimum 
and maximum temperatures ranged between 13.9- 
16.5?C and between 17.6-21.1?C, respectively, 
during the same period. 

The study site is in the tropical lower montane 
wet forest zone of Holdridge (1967), further clas- 
sified by Lawton and Dryer (1980) as leeward 
cloud forest. Elevation of the site is between 1480 
and 1520 m. Canopy height is 15 to 32 m with a 
few emergents to 35 m, and stem density is about 
160 stems ha-I (>30 cm DBH). Canopy species 

are primarily broad-leaved evergreens, and the five 
most frequently occurring plant families in the can- 
opy are the Lauraceae, Moraceae, Leguminoseae, 
Sabiaceae, and Meliaceceae (Nadkarni et al. 1995). 
Total epiphyte mass is estimated at 3300 g/m2, and 
live bryophyte biomass is estimated at 406 g/m2 
(Nadkarni et al., unpub. data). Upper and outer 
portions of the canopy have a substantial coverage 
of pendant, fan-, and tail-forming bryophytes (life- 
form terminology sensu Magdefrau 1982, During 
1992). Fan-, tail-, weft-, and mat-forming bryo- 
phytes are abundant lower in the canopy, and turf- 
and cushion-forming bryophytes occur on large 
branches and stems. Accumulations of DOM occur 
beneath most bryophyte life-forms, and vascular 
epiphytes are associated with DOM throughout the 
canopy (Vance & Nadkarni 1990, 1992, Ingram 
& Nadkarni 1993). 

GROWTH, NET PRODUCTION, AND NITROGEN ACCU- 

MULATION BY SHOOTS.-Epiphytic bryophyte sam- 
ples in enclosures (mesh cylinders or cups with 
mesh bases, depending upon bryophyte life-form) 
were used to estimate rates of growth, net produc- 
tion, and N accumulation by shoots in the canopy 
over six-month periods (Russel 1988). Epiphytic 
bryophyte samples were collected from the canopy 
and from recent treefalls (<2 weeks old) at the field 
site and transported to the laboratory. Samples 
were pooled into two groups: (i) pendant-, fan-, 
and tail-forming bryophytes, and (ii) mat-, weft-, 
and turf-forming bryophytes. These groupings 
were consistent with their co-occurrence on twigs 
and small branches, and large branches and trunks, 
respectively. Litter and brown shoots were removed 
so that samples consisted primarily of live, green 
shoots. 

Samples of pendant-, fan-, and tail-forming 
bryophytes were separated into sets consisting of 
two subsamples each (2-5 g fresh weight). Within 
sets, one subsample was weighed and then loosely 
packed into a nylon mesh cylinder (1 cm mesh size, 
10-12 cm long, 5-7 cm dia., with an open top 
and a 0.2 cm mesh size base) so that the density 
of shoots in the mesh cylinders approximated those 
on twigs and small branches. The other subsample 
was weighed immediately, dried at 60?C for 48 h, 
then weighed again to calculate the initial water 
content and dry mass of the subsample in the mesh 
cylinder. Twelve trees (> 50 cm dbh) were selected 
at the field site to represent the most frequently 
occurring genera in the canopy (Table 1). Nylon 
lines were placed over small branches in the upper 
canopy using a modified slingshot connected to a 
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TABLE 1. Trees used to monitor (i) mass accumulation 
by pendant-, fan-, and tail-forming epiphytic 
bryophytes in mesh cylinders, (ii) mass accu- 
mulation by mat-, weft-, and turf-forming epi- 
phytic bryophytes in cups, and (iii) mass loss 
from epiphytic bryophyte litter in litterbags. To- 
tal numbers of mesh cylinders, cups, or litter- 
bags are in parentheses. 

(i) (ii (iii) 
Number Number Number 
of trees of trees of trees 

with mesh with with 
Species cylinders cups litterbags 

Ocotea tonduzii 5 (45) 2 (8) 3 (48) 
Meliosma ideopoda 2 (21) 1 (8) 2 (39) 
Ficus tuerckheimii 2 (17) 1 (5) 3 (21) 
Pouteria viride 1 (13) 1 (4) 1 (24) 
Inga tonduzii 1 (7) 
Unknown sp. 1 (3) 

Total 12 (106) 5 (25) 8 (132) 

fishing reel. Three to six mesh cylinders containing 
samples were tied to these lines and positioned next 
to twigs and small branches in the upper and mid- 
dle canopy of each tree. Samples were placed in the 
canopy over four six-month periods: June-Decem- 
ber 1990, January-June 1991, August 1991- 
March 1992, and April-September 1992. Imme- 
diately after retrieval, new shoots that had emerged 
from the mesh cylinders were removed with scis- 
sors, samples were removed from the mesh cylin- 
ders, and all shoots were dried at 60?C for 48 h 
and weighed. 

Samples of mat-, weft-, and turf-forming bryo- 
phytes were separated into sets consisting of two 
subsamples (5-10 g fresh weight). Within sets, one 
subsample was weighed and placed in a polypro- 
pylene cup (7.5 cm diameter, 5 cm tall, with an 
open top and a 0.2 cm mesh size base to facilitate 
drainage). The other subsample was weighed im- 
mediately, dried at 60?C for 48 h, and weighed 
again. Five trees (> 50 cm dbh) were climbed using 
modified rock-climbing techniques (Table 1). Ten 
locations along medium and large branches in the 
mid-canopy were selected in each tree, and two to 
five of these were chosen randomly for sample 
placement. Samples were placed in the canopy for 
two 6-month periods: August 1991-March 1992 
and April-September 1992. After retrieval, extra- 
neous material was removed from samples, and 
they were dried at 60?C for 48 h and then weighed. 

DECOMPOSITION AND NITROGEN DYNAMICS OF LIT- 

TER.-Decomposition and N dynamics of litter de- 

rived from epiphytic bryophytes were estimated us- 
ing litterbags in the canopy and on the forest floor. 
Litterbags containing green shoots were also placed 
on the forest floor. Samples of epiphytic bryophytes 
(pendant-, fan-, tail-, mat-, weft-, turf-, and cush- 
ion-forms) were collected from the canopy and re- 
cent treefalls at the site in July and August 1991. 
For the litter samples, brown, apparently dead 
shoots with >90 percent of the leaves intact were 
separated by removing green shoots and more high- 
ly decomposed DOM and then pooled to produce 
a homogeneous mixture. Litterbags (about 10 by 
15 cm, with a 0.2 cm mesh size; N = 180) were 
weighed and a subsample (about 8-12 g fresh 
weight) of litter was loosely packed into each lit- 
terbag. Litterbags were dried at 60?C for 48-72 h 
to prevent the growth of any live shoots, and then 
weighed again (Berg 1984, Van Toreen 1988, 
Rochefort et al. 1990). An additional 50 litterbags 
containing green shoots were prepared in a similar 
manner, dried at 60?C for 48-72 h, and then 
weighed again. 

Eight dominant trees with moderate to heavy 
epiphyte loads were selected for placement of lit- 
terbags in the canopy (Table 1). Litterbags were 
placed on branches of various sizes and inclinations 
beneath: (i) actively-growing bryophyte shoots, (ii) 
accumulated bryophyte litter, and (iii) vascular ep- 
iphytes but above more highly decomposed DOM. 
Twelve to 24 litterbags were placed in each tree. 
Two or three litterbags were collected from each 
tree after 3, 6, 9, 12, 15, and 24 months. Litterbags 
were air-dried immediately following harvest. Ex- 
traneous material was removed, and samples were 
dried at 60?C for 48 h and then weighed. Subsam- 
ples of litter from each litterbag were stored in 
clean glass vials. Five 100 m2 plots were located 
randomly within the field site for placement of lit- 
terbags containing litter or green shoots on the for- 
est floor, and ten litterbags of each type were placed 
at random locations within each plot. Two litter- 
bags of each type were collected from each plot 
after 3, 6, 9, 12, and 15 months. 

NITROGEN CONCENTRATIONS OF NEW SHOOTS AND 

LITTER.-Nitrogen concentrations of new shoots in 
the mesh cylinders and cups were estimated from 
tissue N concentrations of young, green shoots col- 
lected from the canopy of eight trees. Epiphytic 
bryophyte samples were sorted into the same two 
life-form groups as above, and green, actively grow- 
ing shoots were separated with scissors. Samples 
were dried at 60?C for 48 h and stored in clean 
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polypropylene vials. Dried subsamples (about 0.1 
g) of green shoots, litter from litterbags, or pine 
foliage standards (Forest Response Program quality 
assurance samples #02 and #31) were digested in 
concentrated sulfuric acid with dropwise additions 
of hydrogen peroxide on a Technicon BD-40 block 
digester at 340?C (Thomas et al. 1967). Diluted 
ammonium standards (0.1 M NH4Cl; Orion 
#951006) or sulfuric acid blanks were also digest- 
ed. Nitrogen concentrations in digests were ana- 
lyzed as ammonium (NH4+) N using an indo- 
phenol blue colorimetric technique (Scheiner 
1976, Keeney & Nelson 1982), following neutral- 
ization with low N NaOH. Colorimetric analyses 
were performed on a Sequoia Turner 340 color- 
imeter with a semiautomated flowcell assembly. 
Percent recovery of N from the pine foliage stan- 
dards ranged from 93-105 percent of the mean 
concentration determined with mass spectrometry. 

DATA ANALYSES.-Mass accumulation or loss by epi- 
phytic bryophyte samples in the mesh cylinders 
and cups was calculated as a percentage change 
from initial sample mass. Two values for mean mass 
accumulation by each life-form group were calcu- 
lated from these data for each sampling period. 
One mean mass accumulation value was calculated 
by comparing the percent mass accumulation or 
loss by samples to the initial 6-month percent cu- 
mulative mass loss from litterbags in the canopy 
(see below); samples that exceeded this percentage 
loss rate were assumed to have lost mass due to 
disturbance and were excluded from the data sets. 
A second mean mass accumulation value was cal- 
culated by further excluding all samples that lost 
mass. Normality of all data sets was established. 
Homogeneity of group variances was determined 
with Bartlett's test, and data were log-transformed 
and retested where necessary. For pendant-, fan-, 
and tail-forming bryophytes, one-way ANOVAs 
were used to detect differences in mean mass ac- 
cumulation values among sampling periods. T-tests 
were used to detect differences in mean mass ac- 
cumulation values among the two sampling periods 
for mat-, weft-, and turf-forming bryophytes. T- 
tests were also used to detect differences in mean 
mass accumulation values among life-form groups 
averaged over all sampling periods, and to detect 
differences in N concentrations among life-form 
groups. SYSTAT statistical packages (SYSTAT 
1992) were used for all analyses. Annual growth 
rates for epiphytic bryophyte samples were calcu- 
lated by multiplying overall mean mass accumula- 
tion values for the 6-month sampling periods by 

two. Net production by epiphytic bryophytes was 
estimated by multiplying these annual percent 
growth rates by the estimate of epiphytic bryophyte 
biomass at the site (406 g/m2). Accumulation of N 
by epiphytic bryophytes was estimated by multi- 
plying the two net production estimates by the 
mean N concentration of green shoots, assuming 
there were no seasonal changes in N concentration. 

Cumulative mass loss from litter and green 
shoots in litterbags was calculated as a percent of 
initial sample mass. Percent change in the N mass 
of litter and green shoots in litterbags was calcu- 
lated as: 100 x (mass at harvest time (th) X N 
concentration at th) / (initial mass X initial N con- 
centration). Net accumulation of C and N by epi- 
phytic bryophytes in the canopy was estimated by 
subtracting mass and N fluxes in epiphytic bryo- 
phyte litterfall to the forest floor (35 g mass and 
0.5 g N/m2/yr; Nadkarni & Matelson 1992a) from 
the net production estimates, and then subtracting 
first year mass and N losses calculated for litterbags 
in the canopy. Net accumulation of C and N by 
epiphytic bryophytes on the forest floor was esti- 
mated by subtracting first year mass and N losses 
calculated for litterbags containing green shoots on 
the forest floor from the amount of epiphytic bryo- 
phyte litterfall to the forest floor. Mass estimates 
were then converted to C mass by multiplying by 
0.4 g C (g/mass). 

RESULTS 
GROWTH, NET PRODUCTION, AND NITROGEN ACCU- 

MULATION BY SHOOTS.-Mean mass accumulation 
values for pendant, fan-, and tail-forming bryo- 
phytes in mesh cylinders were similar among sam- 
pling periods, so values were pooled (Table 2). 
Emergent shoot mass contributed 39 and 30 per- 
cent to the two mean mass accumulation values 
(6.9 ? 0.8 and 8.0 ? 1.0 percent mass accumu- 
lation for 6 months; mean ? 1 SE), respectively. 
Mean mass accumulation values for mat-, weft-, 
and turf-forming bryophytes in cups were also sim- 
ilar among sampling periods (Table 2). Pooled 
mean mass accumulation values were similar 
among life-form groups, and the overall mean mass 
accumulation values were 15.5 ? 2.4 and 24.9 ? 
2.7 percent (mean % ? 1 SE). Annual percentage 
growth rates of epiphytic bryophytes calculated 
from the two overall mean mass accumulation val- 
ues were 30.0 ? 4.8 percent/yr and 49.9 ? 5.4 
percent/yr, and annual net production of epiphytic 
bryophytes was estimated at 122 ? 19 and 203 ? 
22 g/m2/yr (mean ? 1 SE), respectively. Mean N 
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TABLE 2. Mean mass accumulation (as % change of initial mass over six months) by pendant-, fan-, and tail-forming 
epiphytic bryophytes in mesh cylinders, and mat-, weft-, and turf-forming epiphytic bryophytes in cups. Sample 
sizes are in parentheses. 

Mass accumulation (mean % ? 1 SE) 

Pendant-, fan-, and tail- Mat-, weft-, and turf- 
forming bryophytes in forming bryophytes in 

mesh cylinders cups 

Samples Samples Samples Samples 
? 14.3 percent ? 0.0 percent ? 14.3 percent ? 0.0 percent 

Time period mass loss mass loss mass loss mass loss 

June-Dec. 1990 12.9 ? 7.7 32.7 ? 8.1 
(10) (5) 

Jan.-June 1991 14.6 ? 3.6 19.7 ? 2.9 
(14) (11) 

Aug. 1991-Mar. 1992 22.4 ? 5.0 28.4 ? 5.2 7.6 ? 5.2 16.6 ? 6.2 
(32) (27) (14) (9) 

Apr.-Sept. 1992 15.7 ? 5.3 27.1 ? 6.3 1.1 ? 4.8 14.9 ? 4.5 
(28) (19) (9) (4) 

Mean of time periods 17.7 ? 2.8 26.8 ? 3.1 5.0 ? 3.7 16.1 ? 4.4 
(84) (62) (23) (13) 

concentrations of green shoots were similar among 
the two life-form groups (Table 3). Accumulation 
of N by epiphytic bryophytes, calculated as the 
product of the two net production estimates and 
mean N concentration of new shoots, was estimat- 
ed at 1.8 ? 0.3 and 3.0 ? 0.3 g N/m2/yr (mean 
+ 1 SE). 

DECOMPOSITION AND NITROGEN DYNAMICS OF LIT- 

TER.-Cumulative mass loss from epiphytic bryo- 
phyte litterbags in the canopy was 17.3 + 1.5 per- 
cent (mean ? 1 SE, N = 17) after one year and 
19.3 ? 2.3 percent (N = 17) after two years (Fig. 
1). Cumulative mass loss was 29.1 ? 2.2 percent 
(N = 7) from litter on the forest floor, and 44.9 
+ 2.7 percent (N = 7) from green shoots on the 
forest floor after one year (Fig. 1). The initial N 

TABLE 3. Mean nitrogen concentration of green shoots of 
pendant-, fan-, and tail-forming epiphytic 
bryophytes, and mat-, weft-, and turf-forming 
epiphytic bryophytes. 

Nitrogen 
concentration 

Sample (mg N/g) 
Life-form group size Mean SE 

Pendant-, fan-, and tail- 
forming bryophytes 34 14.1 0.6 

Mat-, weft-, and turf- 
forming bryophytes 25 15.6 0.5 

Mean of groups 59 14.7 0.4 

concentration of litter was 12.3 ? 0.3 mg N/g 
(mean ? 1 SE, N = 6). Nitrogen mass remaining 
in litter was about 67 percent of the initial N mass 
after one year in both locations (Fig. 2). Nitrogen 
mass remaining in green shoots after one year was 
slightly less at 57 percent of the initial N mass. 
There was no evidence for net N immobilization 
by litter or green shoots, but the remaining N in 
litter was apparently recalcitrant during the study 
(Fig. 2). 
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FIGURE 1. Percent of initial mass remaining (mean ? 
1 SE) in litterbags containing epiphytic bryophyte litter 
or green shoots in the canopy and on the forest floor from 
August 1991 to August 1993. 
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FIGURE 2. Percent of initial nitrogen mass remaining 
(mean ?1 1 SE) in litterbags containing epiphytic bryo- 
phyte litter or green shoots in the canopy and on the 
forest floor from August 1991 to August 1993. 

NET ACCUMULATION OF CARBON AND NITROGEN.- 

Net accumulation of C and N by epiphytic bryo- 
phytes in the canopy was estimated at 29 and 56 
g C/m2/yr, and 0.6 and 1.2 g N/m2/yr, respectively, 
and net accumulation on the forest floor was esti- 
mated at 8 g C/m 2/yr and 0.2 g N/m 2/yr. Overall 
net accumulation of C and N by epiphytic bryo- 
phytes was estimated at 37 and 64 g C/m 2/yr, and 
0.8 and 1.3 g N/m2/yr, respectively. 

DISCUSSION 
GROWTH, NET PRODUCTION, AND NITROGEN ACCU- 

MULATION BY SHOOTS.-When individual mass ac- 
cumulation or loss values for epiphytic bryophyte 
samples in mesh cylinders or cups were compared 
to the initial 6-month mean mass loss rate from 
litterbags in the canopy (14.6% mass loss), mass 
loss from 18 percent of the samples exceeded this 
rate. An additional 24 percent of all samples lost 
some mass. This "excessive" mass loss from samples 
could have been due to four factors: (i) loss of 
shoots when samples were placed in or removed 
from the canopy; (ii) natural disturbances due to 
wind or arboreal animal activity; (iii) leaching of 
shoots and particulates by precipitation; and (iv) 
measurement errors associated with the initial mass 
estimates. Mass loss due to herbivory was probably 
minimal (e.g., Gerson 1982, Longton 1992). De- 
spite these methodological limitations, annual per- 
cent growth rates calculated for epiphytic bryo- 
phytes at Monteverde are within the range of those 

of terrestrial bryophytes in north temperate ecosys- 
tems (17-70%/yr; Rieley et al. 1979, Binkley & 
Graham 1981, Oechel & Van Cleve 1986, Lin- 
dholm & Vasander 1990, Bowden 1991). They ex- 
ceed the only other annual growth estimate for epi- 
phytic bryophytes (8.2%/yr for epiphytic bryo- 
phytes on the lowest 2 m of stems over a 3-year 
period in the Transvaal; Jacobson 1978). 

Net production estimates for epiphytic bryo- 
phytes at Monteverde are lower than many pro- 
duction estimates for terrestrial bryophytes in a 
number of ecosystems where bryophytes are rela- 
tively abundant (40-790 g/m2/yr; Reiley et al 
1978, Binkley & Graham 1981, Wieder & Lang 
1983, Grigal 1985, Russel 1985, Oechel & Van 
Cleve 1986, Lindholm & Vasander 1990, Roche- 
fort et al. 1990). High net production estimates for 
terrestrial bryophytes, particularly for Sphagnum 
and Polytrichum, are frequently a result of high cov- 
er values (80-135%) and large biomass values 
(2500-4500 g/m2), rather than high rates of 
growth (Russel 1985, Wallen et al. 1988, Bowden 
1991, Malmer & Wallen 1993). 

Nitrogen concentrations of epiphytic bryo- 
phytes at Monteverde are greater than those re- 
ported for epiphytic bryophytes at other sites (Ta- 
ble 4), and are also greater than those of most ter- 
restrial bryophytes (with the exception of Sphag- 
num from regions with high rates of N deposition 
from the atmosphere; Ferguson et al. 1984, Mal- 
mer 1988, Aerts et al. 1992). Although net pro- 
duction of epiphytic bryophytes at Monteverde is 
relatively low when compared to other ecosystems, 
estimated N accumulation by epiphytic bryophytes 
at Monteverde is at the high end of the range of 
estimates reported for terrestrial bryophytes in a 
number of ecosystems, primarily because of the rel- 
atively high tissue N concentrations at Monteverde 
(Table 6). 

Annual net production of epiphytic bryophytes 
represented 15-25 percent of annual foliage pro- 
duction at this site as estimated from litterfall 
(about 800 g/m2/yr; Nadkarni & Matelson 
1992b). Accumulation of N by epiphytic bryo- 
phytes is equivalent to 11-19 percent of the esti- 
mated annual net uptake of N by foliage. In con- 
trast to vascular plant foliage, a relatively large por- 
tion of the N requirement of epiphytic bryophytes 
may be met by inorganic N inputs from the at- 
mosphere (Clark 1994). Therefore, epiphytic bryo- 
phytes are apparently important in transforming N 
from highly mobile forms in atmospheric deposi- 
tion to recalcitrant forms in biomass, litter, and 
humus. 
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TABLE 4. Nitrogen concentration of mature shoots of (i) epiphytic bryophytes in tropical montane forests, (iiJ terrestrial 
bryophytes other than Sphagnum, and (iii) Sphagnum (mean ? 1 SE, where reported). Regions of high N 
deposition are indicated with an "a" 

N concentration 
Location (mg N/g) Reference 

Epiphytic bryophytes 
Santa Rosa de Cabal, Colombia 7.1 Hofstede et al. 1993 
Marafunga, New Guinea 12.7 Grubb & Edwards 1982 
Monteverde, Costa Rica 14.7 ? 0.5 This study 
Monteverde, Costa Rica 16.4 ? 0.7 Nadkarni 1984 

Terrestrial bryophytes 
A. J. Andrews, Oregon 9.0 to 11.0 Binkley & Graham 1981 
Luquillo Forest, Puerto Rico 9.1 Frangi & Lugo 1992 
Wylrer Akkers, The Netherlands 11.3a Van Tooren et al. 1987 

Sphagnum 
Andoya, Scandinavia 6.4 ? 1.0 Malmer 1988 
Stordalen Mire, N. Sweden 7.0 o 0.4 Aerts et al. 1992 
Moor House, United Kingdom 8.6 ? 0.3 Heal & Smith 1978 
Various, S. Sweden 11.5 ? 1.4a Malmer 1988 
Akhult Mire, S. Sweden 13.5 ? 0.8a Aerts et al. 1992 
Holm Moss, United Kingdom to 33.5a Ferguson et al. 1984 

DECOMPOSITION AND NITROGEN DYNAMICS OF LIT- 

TER.-Mass loss from litter is an integration of lit- 
ter comminution, leaching of soluble compounds 
and particles, and gaseous losses of CO2 and H20 
due to microbial respiration. Mesh size of litterbags 
can potentially influence mass loss due to exclusion 
of macrofauna and the leaching of particles, but 
has little effect on microbial populations. The mesh 
size of our litterbags was larger than those used in 
other terrestrial bryophyte litterbag studies (0.2 cm 
mesh size vs. 0.02-0.1 cm mesh size; Rosswall et 
al. 1975, Berg 1984, Van Toreen 1988, Rochefort 
et al. 1990, Johnson & Damman 1991), which 
may have affected the loss of particles. However, 
litterbags in the canopy were placed below live ep- 
iphytes and accumulated litter at the beginning of 
the experiment, and litterbags on the forest floor 
were incorporated into the litter layer relatively rap- 
idly, which would presumably reduce such losses. 

First-year mass loss values from litter in the 
canopy and on the forest floor are within and 
slightly greater than the range of first-year mass loss 
values reported for terrestrial bryophyte litterbags 
in other studies (4-28%; Table 5). Mass loss from 
canopy litterbags decreased to about 2 percent dur- 
ing the second year, which is also within the re- 
ported range of second-year mass loss values (1- 
5%). First-year mass loss from green shoots in lit- 
terbags on the forest floor exceeded first-year mass 
losses from terrestrial bryophytes. The initially high 
rates of mass loss from litter and green shoots are 

typically a result of the utilization of more labile C 
fractions (e.g., soluble cellular constituents and cel- 
lulose) by microbial populations. Lower rates of 
mass loss as decomposition progressed indicate that 
the remaining litter was composed of more recal- 
citrant C fractions (Berg & Staff 1981, Melillo et 
al. 1982, Berg 1984, Melillo et al. 1989). Concom- 
itant with the decomposition of bryophyte litter 
was a compaction of the litter structure, resulting 
in an increase in bulk density Johnson et al. 1990, 
Malmer & Wallen 1993). The amorphous humi- 
fied material on remaining leaf and stem tissue in 
litterbags in the canopy was identical in appearance 
to canopy humus, suggesting that epiphytic bryo- 
phytes are a major contributor to the accumula- 
tions of DOM in the canopy (Edwards & Grubb 
1977, Nadkarni 1984, Vance & Nadkarni 1990). 

First-year mass loss from epiphytic bryophyte 
litterbags in the canopy was less when compared to 
mass loss from vascular plant litter in the canopy 
(30% mass loss; Nadkarni & Matelson 1991). 
First-year mass loss from both types of litterbags 
on the forest floor was also less when compared to 
the estimated mass loss from fine vascular plant 
litter on the forest floor (about 60% mass loss; 
Nadkarni & Matelson 1992b). These relatively low 
rates of decomposition of epiphytic bryophyte litter 
indicate that litter quality exerts a major effect on 
the decomposition process. Terrestrial bryophyte 
litter contains relatively high concentrations of lig- 
nin-like compounds (Berg 1984, Chapin et al. 
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TABLE 5. Cumulative mass loss from bryophyte litter in litterbags. Valuesfor Sphagnum are from acrotelm (aerobic) sites 
only. Ranges are given for mean mass loss of different species of Sphagnum (where reported). 

Cumulative mass loss 
(% of initial mass) 

Location Genus 1st year 2nd year 3rd year 

Palsa Mire, N. Swedena Sphagnum 4 to 7 8 to 19 
Ontario, Canadab Sphagnum 5 to 27 16 to 24 14 to 27 
Moor House, United Kingdom Sphagnum 6 to 18 

Akhult Mire, S. Swedend Sphagnum 11 to 22 13 to 28 
Scots Pine forest, Swedene Dicranum 15 26 34 

Monteverde, Costa Ricaf 
Canopy Mixed 17 19 
Forest floor Mixed 29 

South Limburg, the Netherlandsg Calliergonella 18 to 28 18 to 40 
Scots Pine forest, Swedene Sphagnum 27 33 

a Rosswall et al. 1975. 
b Rochefort et al. 1990; after 14, 26, and 38 months. 
cClymo 1965. 
d Johnson & Damman 1991; after 10 and 22 months. 
e Berg 1984. 
f This study. 
g Van Tooren 1988, values reported from 2 sites. 

1987) and polymerized aliphatic compounds (Kal- 
viaininen et al. 1985), which are recalcitrant with 
respect to microbial degradation (Melillo et al. 
1982, Longton 1992). 

Nitrogen dynamics during the decomposition 
of vascular plant litter have been characterized as a 
three-phase process: (i) initial N leaching, (ii) net 
N immobilization by microbial populations, and 
(iii) final net N release (Berg & Staff 1981, Mellilo 
et al. 1982, Blair et al. 1990). In contrast, the mean 
N mass of epiphytic bryophyte litter in the canopy 
decreased to about 70 percent of initial N mass 
after one year and remained at about 70 percent 
after two years. These results suggest that labile C 
and N fractions were utilized or leached rapidly, 
and that net N immobilization by microbial pop- 
ulations was minimal. The remaining N mass in 
litter was apparently recalcitrant, and was likely as- 
sociated with structural C fractions (Brock & Breg- 
man 1989). These results are consistent with the 
patterns of N dynamics reported for terrestrial 
bryophyte litter (Berg 1984, Van Toreen 1988, 
Brock & Bregman 1989). 

NET ACCUMULATION OF CARBON AND NITROGEN.- 

Results from this study indicate that epiphytic 
bryophytes are disproportionately important in the 
net accumulation of C and N in the canopy and 
on the forest floor when compared to vascular plant 
litter at this site. Although estimates of N leaching 

from the soil are lacking for this site, accumulation 
of N in bryophyte biomass and DOM presumably 
reduces overall losses. In this context, the function- 
ing of epiphytic bryophytes in the net accumula- 
tion of C and N in this ecosystem is similar to that 
of terrestrial bryophytes in other ecosystems where 
they are abundant (Oechel & Van Cleve 1986, Ur- 
ban & Eisenreich 1988, Longton 1992, Malmer & 
Wallen 1993; Table 6). 

There is little information on the effects of N 
availability on growth, net production, and N con- 
centrations of epiphytic bryophytes in TMFs, but 
increased N deposition due to current land use 
practices and biomass burning in tropical regions 
(Crutzen & Andreae 1990, Keller et al. 1991, Gal- 
loway et al. 1994) may affect epiphytic bryophytes 
in various ways. Increased N supply to terrestrial 
bryophytes has stimulated net production in some 
cases (Rochefort et al. 1990, Aerts et al. 1992), and 
caused declines in others (Press et al. 1986, Rudolf 
et al. 1986, Jauhiainen et al. 1994). The direction 
and magnitude of these effects are apparently a 
function of deposition rates, although the effects of 
pollutants other than sulfur dioxide have not been 
evaluated in field studies. Where increased N de- 
position is not associated with appreciable increases 
in acidity, ozone, and other pollutants (Warneck 
1988, Crutzen & Andreae 1990, Johnson & Lind- 
berg 1992), a "fertilizer effect" is likely to occur 
and may initially stimulate net production of epi- 
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TABLE 6. Nitrogen content in live bryophyte biomass, N accumulation in net production, and net N accumulation in 
selected ecosystems where bryophytes are abundant (mean ? 1 SE, where reported). a = net ecosystem N 
accumulation calculated fom input-output budget, 3 = net ecosystem N accumulation calculated from peat 
accumulation, n.d. = not determined. 

Net N 
N in biomass N accumulation accumulation 

Ecosystem (glm2) (glm2lyr) (glm2lyr) 

Pseudotsuga forest, Oregona 0.9 0.4 n.d. 
Polytrichum, successional, New Hampshireb 3.3 ? 0.4 1.2 ? 0.2 0.6(,X 1.00 
Ombrotrophic mire, Swedenc 4.4 0.4 0.4a, 0.9P 
Sphagnum bog, Minnesotad 5.4 ? 0.2 4.0 + 0.2 0.7a, 1.2P 
Tropical Montane Forest, Costa Ricae 5.9 1.8 + 0.3, 0.8, 

3.0 ? 0.3 1.3 
Taiga forest, Alaskaf 7.2 1.3 n.d. 

a Binkley & Graham 1981. 
bBowden 1991. 
c Rosswall & Granhall 1980. 
d Urban & Eisenreich 1988. 
e This study. 
f Oechel & Van Cleve 1986. 

phytic bryophytes. Interactions among increased N 
deposition, increased phosphorus (P) deposition 
due to biomass burning (Lewis 1981, K. Clark, 
unpub. data) and gradual increases in atmospheric 
CO2 levels may further stimulate net production 
of epiphytic bryophytes (Proctor 1982, Sve- 
inbjornsson & Oechel 1992, Jauhiainen et al. 
1994). However, long-term increased N deposition 
has apparently caused a substantial decline in net 
production and biomass of Sphagnum and Racom- 
itrium in some regions of Europe (Tallis 1964, 
Press et al. 1986, Baddeley et al. 1994). 

Increased N deposition has also led to an in- 
crease in N concentrations of both epiphytic and 
terrestrial bryophytes at temperate and boreal sites 
(Ferguson et al. 1984, Malmer 1988, Farmer et al. 
1991, Aerts et al. 1992, Baddeley et al. 1994). 
Where net production is stimulated by increased 
N deposition, subsequent control over net produc- 
tion may be exerted by limitations of other nutri- 
ents, particularly P (Aerts et al. 1992). Although N 
concentrations of epiphytic bryophytes at Montev- 
erde were greater than those in epiphytic bryo- 
phytes from other TMF sites, N to P ratios are 
currently within the range of ratios reported for 
bryophytes from sites characterized by low rates of 
N deposition from the atmosphere (Nadkarni 
1984, Malmer 1988, Aerts et al. 1992, Hofstede et 
al. 1993). 

Increased N deposition and N availability have 
also caused significant changes in competitive in- 
teractions and community composition in a range 

of ecosystems characterized by low nutrient status 
(Verhoeven & Schmitz 1991, Bowman et al. 1993, 
Marrs 1993, Baddeley et al. 1994). Higher N con- 
centrations in epiphytic bryophyte litter may ac- 
celerate rates of N leaching and decomposition 
(e.g., Clymo & Hayward 1982, Longton 1992, 
Hogg et al. 1994), potentially leading to increased 
N supply in the canopy (Vance & Nadkarni 1990, 
Clark 1994). Because a number of vascular epi- 
phytes are characterized by a relatively low capacity 
for ion uptake (e.g., Orchidaceae; Benzing 1989, 
1990; Hew et al. 1993) and relatively low growth 
rates, increased N deposition and relatively rapid 
rates of N cycling in the canopy could favor species 
that have a greater capacity to alter net production 
as a result of changes in N availability. The effects 
of increased N deposition on the net production 
and N concentrations of epiphytic bryophytes, 
rates of N cycling in the canopy, and structure of 
diverse epiphyte communities in TMFs await fur- 
ther investigation. 
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