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Abstract Vascular epiphytes are a conspicuous and
highly diverse group in tropical wet forests; yet, we
understand little about their mineral nutrition across
sites. In this study, we examined the mineral nutrition of
three dominant vascular epiphyte groups: ferns,
orchids, and bromeliads, and their host trees from
samples collected along a 2600 m elevational gradient
in the tropical wet forests of Costa Rica. We predicted
that the mineral nutrition of ferns, orchids, and
bromeliads would differ because of their putative
differences in nutrient acquisition mechanisms and
nutrient sources—atmospherically dependent, foliar
feeding bromeliads would have lower nitrogen (N)
and phosphorous (P) concentrations and more depleted
0'°N values than those in canopy soil-rooted ferns
because canopy soil is higher in available N, and more
enriched in 6'°N than the atmospheric sources of
precipitation and throughfall. We also predicted that
epiphyte foliar chemistry would mirror that of host trees
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because of the likely contribution of host trees to the
nutrient cycle of epiphytes via foliar leaching and litter
contributions to canopy soil. In the same vein, we
predicted that epiphyte and host tree foliar chemistry
would vary with elevation reflecting ecosystem-level
nutrients—soil N availability increases and P avail-
ability decreases with increasing elevation. Our results
confirmed that canopy soil-rooted epiphytes had higher
N concentrations than atmospheric epiphytes; however,
our predictions were not confirmed with respect to P
which did not vary among groups indicating fixed P
availability within sites. In addition, foliar 5" N values
did not match our prediction in that canopy soil-rooted
as well as atmospheric epiphytes had variable signa-
tures. Discriminant function analysis (DFA) on foliar
measurements determined that ferns, orchids, and
bromeliads are statistically distinct in mineral nutrition.
We also found that P concentrations of ferns and
orchids, but not bromeliads, were significantly corre-
lated with those of host trees indicating a possible link in
their mineral nutrition’s via canopy soil. Interestingly,
we did not find any patterns of epiphyte foliar chemistry
with elevation. These data indicate that the mineral
nutrition of the studied epiphyte groups are distinct and
highly variable within sites and the diverse uptake
mechanisms of these epiphyte groups enhance resource
partitioning which may be a mechanism for species
richness maintenance in tropical forest canopies.
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Introduction

Plants growing as epiphytes in the canopy habitat are
spatially and physically removed from terrestrial
resource pools. Such independence poses opportuni-
ties and constraints on plant nutrient acquisition,
which are quite different from plants rooted directly in
the forest floor soil matrix. The lack of forest floor
contact combined with the diversity of nutrient and
water sources in the canopy habitat (i.e., precipitation,
throughfall, cloud water) has played a role in shaping
the diversity of functional morphologies and nutrient
and water acquisition mechanisms in epiphytes. Such
diversity includes functional morphologies with elab-
orate nutrient-uptake mechanisms such as tank bro-
meliads that have foliar uptake and pendant orchids
with velamen-coated aerial root uptake (Madison
1977; Martin 1994; Pittendrigh 1948). These variable
uptake mechanisms may enhance the capacity of
epiphytes to partition resources in the canopy and thus
contribute to maintaining high species richness in the
canopy habitat. Understanding the dynamic nature of
the canopy habitat and the epiphyte response is critical
to understanding how this ecosystem functions.
Within the canopy matrix, the most nutrient rich
source is the canopy soil which has greater plant
available N than forest floor soils but equivalent
available P (Cardelds et al. 2009). However, canopy
soil is a sparse resource with estimates of accumu-
lation approximately 2 t ha~" for montane and low-
land wet forests (Nadkarni 1984; Cardelus et al.,
unpublished data). Other potential nutrient sources
for epiphytes are from within the canopy such as host
tree foliar leaching (Hietz et al. 2002) and through-
fall, and extra-canopy or atmospheric sources of N
through wet and dry deposition (Clark et al. 1998a, b;
Liu et al. 2002), and N derived from fixation of
atmospheric N, (Bentley and Carpenter 1984; Berm-
udes and Benzing 1991; Cleveland et al. 1999;
Forman 1975; Freiberg 1998; Stewart et al. 1995).
The nutrient pools of the canopy are reflected in
epiphyte mineral nutrition. Among epiphyte groups,
research has shown that bromeliads have lower N

@ Springer

concentrations and more depleted 6'°N values than
other epiphyte taxa putatively because of their
dependence on throughfall and atmospheric sources
of N which are lower in N and more depleted in §'°N
than canopy soil (Hietz et al. 1999). Position within
the crown has also been shown to affect epiphyte
nutrient concentrations and 0'°N values, with epi-
phytes in the outer-crown having lower N concen-
trations and more depleted 0'°N values than inner-
crown epiphytes likely due to the lower concentra-
tions of N and more depleted 0'°N values of
precipitation arriving to epiphytes in the outer-crown
(Hietz et al. 2002). Source SN signatures of bulk
precipitation, throughfall and canopy soil, however,
have been shown to overlap in a lowland forest in
Costa Rica making source signal interpretation within
the canopy difficult (Wania et al. 2002).

Across studies of foliar nutrient concentrations of
epiphytes and forest floor-rooted plants within the
same forests, the former consistently have lower
nutrient concentrations indicating the low nutrient
sources found in the canopy (Hietz et al. 2002;
Hofstede et al. 1993; Watkins et al. 2007) and more
depleted 5'°N values confirming different N sources
(Hietz et al. 1999, 2002). Given canopy nutrient
poverty, it is not surprising that epiphytes present a
diversity of nutrient acquisition mechanisms: from
uptake of nutrients across absorptive foliar surfaces in
epiphytic bromeliads (Martin 1994; Pittendrigh 1948)
and velamen-coated roots exposed to the atmosphere
in epiphytic orchids (Madison 1977). While nutrient
poverty could be the underlying pressure that has
shaped the radiation of epiphytic plants, the diversity
of nutrient sources has also likely played an impor-
tant role in the evolution of this group.

The role of the host tree in canopy nutrient cycling
remains unclear. On the one hand, recent work has
shown a disconnect between epiphytes and host tree
N sources (Hietz et al. 2002; Stewart et al. 1995), in
part due to the supposition that canopy soil is largely
made up of decomposed epiphyte matter and not host
tree leaves. This is evidenced by the depleted 6'°N
signatures of both canopy soil and epiphyte foliar
tissue relative to forest floor soil and the host tree
foliar tissue (Hietz et al. 2002; Stewart et al. 1995).
Furthermore, an in situ study of leaf litter inputs to
canopy soil in Monteverde, Costa Rica, showed that
host tree leaves were blown out of the crown before
decomposition occurred (Nadkarni and Matelson
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1991). On the other hand, however, other recent work
indicates that the host tree does in fact influence
canopy soil nutrient cycling (Cardelus et al. 2009) as
well as the fundamental ecosystem process of litter
decomposition (Cardelds, in press). In addition, in an
experimental fertilization study on the forest floor in
Hawaii, researchers found a significant response via
growth and richness of epiphytes in P fertilized plots
likely from host tree foliar leaching, but no response
was seen with N fertilized plots (Benner et al. 2007,
Benner and Vitousek 2007). Thus, the influence of
the host tree may be more important for P than N
dynamics.

While diversity of epiphytes was examined in an
earlier article (Cardelus et al. 2006), here, we
examine how the mineral nutrition of dominant
epiphyte groups vary from each other, from their
host tree and among elevations. In this study, we
measured the leaf construction and mineral nutrition
of ferns, orchids, bromeliads, and their forest floor-
rooted host trees, at six elevations along a continuous
wet forest (>3000 mm precipitation) elevational
gradient. Elevational gradients offer opportunities to
examine how mineral nutrition varies with changes in
macroclimate (5.2-6.5°C decrease in mean annual
temperature per 1000 m elevation), potential nutrient
sources (cloud forest begins at 900 m) and known
available nutrients (N availability increases and P
availability decreases with increasing elevation)
(Marrs et al. 1988; Titiz 2005).

We measured specific leaf weight (SLW, g m™?)
because it is a leaf trait that co-varies with multiple
life history traits including leaf lifespan, photosyn-
thetic capacity, and leaf N and P concentrations
(Reich et al. 1991, 1997; Wright et al. 2004,
2005b). Because of the differences among ferns,
orchids, bromeliads, and their host trees in nutrient
acquisition mechanisms, we hypothesized that nutri-
ent source and water availability would be reflected
in their leaf functional morphology (as expressed by
SLW) and mineral nutrition: epiphytes with access
to canopy soil will have lower SLW, greater
concentrations of N and P and exhibit less water
stress (more depleted 0'°C signatures) than epi-
phytes with no canopy soil use. Host trees, in turn,
would exhibit lower SLW, and greater N and P
concentrations than all the epiphyte groups and little
to no water stress reflecting their greater nutrient
and water source pools. We also hypothesized that

epiphyte foliar chemistry would mirror that of host
trees because of the likely contribution of host trees
to the nutrient cycle of epiphytes via foliar leaching
and litter. Further, we hypothesized that nutrient
status of epiphytes and host trees would reflect
known forest floor soil nutrient status.

Materials and methods
Study site

We worked along the Volcan Barva — La Selva
transect (the Barva transect), a 3000 m elevational
gradient located in northeastern Costa Rica. It is
composed of four tropical wet forest types: upper
montane, montane, premontane, and lowland forest,
and is the last contiguous elevational gradient of
central America (Hartshorn and Peralta 1988; Nor-
man 1985). We chose to work along this gradient
because it provides a large range of variation in
terrestrial nutrient availability (Edwards 1982; Grieve
et al. 1990; Marrs et al. 1988; Titiz 2005), as well as a
large range of epiphyte functional types and high
species richness (Cardelus et al. 2006).

Study design

The plants sampled for this study were part of a larger
survey of the diversity and distribution of vascular
epiphytes in the inner-crown of canopy trees at six
elevations along the Barva transect in Costa Rica (30,
500, 1000, 1600, 2000, 2600 m). In 2001, 5-10 trees
were chosen randomly from a subselection of 20
intact, healthy canopy trees at each study site (tree
identity in Cardelds et al. 2006), except at the 30 m
site, which was sampled separately in 2004. Vascular
epiphytes were sampled in situ from two transects
established within the inner-crown of each study tree.
Canopies were accessed using single-rope climbing
techniques (Perry 1978). Ten canopy trees were
sampled at the 30, 1000, 1600, and 2000 m sites; nine
trees were sampled at 500 m, and five trees were
sampled at the 2600 m site, where epiphyte species
richness stopped increasing after the second tree was
sampled. Transects were 4.0 x 0.5 m extending from
the trunk. Each transect was divided into quadrats of
0.5 m x 0.5 m, and all epiphytes within each quadrat
were collected. Sun leaves of the host trees were
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sampled using a crossbow. All specimens were
pressed and processed at the base camp using 70%
ethanol for initial preservation (Methods in Supple-
ment). Duplicates were deposited at the Museo
Nacional and Instituto Nacional de Biodiversidad.
No species from our three epiphyte taxa (Cardelus
et al. 2006) nor tree taxa (Lieberman et al. 1996)
spanned the entire elevational gradient. We selected a
subsample of 195 individual epiphytes, 97 species
from 15 genera, as well as 43 host trees for element
and isotope analyses; we did not include any genera
with fewer than three individuals (Table 1). The
number of individuals per genera analyzed was
representative of their abundance along the eleva-
tional gradient. The most abundant and species rich
ferns in our samples were members of the genera
Elaphoglossum, which spanned five elevations, and
Hymenophyllum, which spanned all the six eleva-
tions. The most abundant and species rich orchid
genera were Pleurothalis, Stelis, Maxillaria, and
Scaphyglottis with no genus spanning the entire
elevational range. Bromeliad species were all
members of the subfamily Tillandsioideae, from
three genera: Guzmania, Tillandsia, and Werauhia.
Werauhia was the most abundant genus and spanned
five elevations. Although there may be variations in
mineral nutrition among species and genera, all the
epiphytes studied were collected from the same
microsite within the canopy, the inner-crown, which
does not vary in microclimate (Cardeliis and Chazdon
2005) or canopy soil nutrient status (Cardelds et al.
2009) among lower branches within the same tree.
We chose ferns, orchids, and bromeliads as our
focal taxa for two reasons. First, they account for
52% of the vascular epiphyte species richness along

Table 1 Families and the number of individuals of vascular
epiphytes and the number of host tree individuals sampled at
each study elevation for elements and isotopes along the Barva
transect, Costa Rica

Elevation (m) Ferns Orchids Bromeliads Host trees

30 13 8 8 10
500 13 11 12 3
1,000 14 13 14

1,600 12 12 13

2,000 14 14 14 10
2,600 4 6 0 5
Total 70 64 61 43
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the Barva Transect (Cardelus et al. 2006) which is
similar to their contribution to neotropical vascular
epiphyte floras in general (Kromer et al. 2005; Kiiper
et al. 2004; Nieder et al. 1998, 2001). Second, they
have differing nutrient-uptake mechanisms: bromel-
iads have absorptive trichomes on their foliar surfaces
and access nutrients from their foliar surfaces from
the atmospheric sources and/or their tanks which
collect precipitation and throughfall; orchids, have
velamen-coated roots that are found embedded in
canopy soil, suspended above or below branches, or
grasping the branch, and can thus take up nutrients
from the canopy soil directly, throughfall, and
atmospheric sources; and ferns have roots embedded
in canopy soil and take up nutrients from the soil
matrix.

Nutrient analyses

Prior to grinding, SLW (g m~?) was measured on
dried samples either by taking the average mass of 5
hole punches with a known area in the laminar region
or, for dissected leaves, taking the length, width, and
mass of multiple sections of the lamina. All the
samples were then ground using a Wiley Mill
(Thomas Scientific, Swedesboro, NJ) and passed
through a #40 screen. Total C and N, and natural
abundance 6'°N and 6'°C were determined on a
Costech Analytical Elemental Analyzer (Valencia,
California) coupled to a Delta Plus Isotope Ratio
mass spectrometer (Brenen, Germany) in the Depart-
ment of Soil and Water Science at the University of
Florida. Total P was measured using an ash digestion
(Jones and Case 1996) followed by colorimetric
determination of ortho-phosphate on an Astoria
Pacific colorimetric autoanalyzer (Clackamas, Ore-
gon). We tested the potential effects of ethanol drying
on foliar nutrient concentrations and isotopes and
found that ethanol treatment did not significantly alter
response variables (Supplement Table 1).

Statistical analyses

In order to address the hypothesis that mineral
nutrition was different among taxa, we examined
epiphyte nutrient data within focal taxa, at the family
level for orchids and bromeliads, and at the group
level for host trees and ferns, among elevations, and
between focal taxa within elevations. The 2600 m site
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was excluded from among group statistical compar-
isons because of the lack of bromeliads sampled
there. Analysis of variance and post-hoc Tukey tests
were used to determine differences among elevations
or groups, and a linear regression was performed to
examine the relationships of variables with elevation.
We used discriminant function analysis (DFA) to
determine overall mineral nutrition differences
among epiphytic taxa with combined data: SLW,
%N, %P, 5"°N, 5'3C, and elevation.

Results
Within taxa among elevations

Seven foliar nutrient and physical properties were
compared statistically within groups: SLW, %N, %P,
percent carbon (%C), 8">C (%), and 0"°N (%o). Within
epiphyte groups, SLW did not vary significantly
among elevations but did vary among epiphyte groups
within elevations (Table 2). Orchids, on average had
the highest SLW among epiphyte groups (109.6 +
42 g m~?), followed by bromeliads (80.5 & 3.7 g
m~?), and ferns (67.06 + 4.60 g m~ %) with the lowest.
Similarly, host tree SLW did not vary significantly
among elevations nor did it vary consistently from the
epiphyte groups at any elevation (Fig. 1). Host tree
average SLW (85.88 & 4.40 g m~?) hovered below
that of orchids and above that of ferns and bromeliads.

Nitrogen

Foliar N concentrations varied significantly among
elevations within all three epiphyte groups, but not
among elevations for host trees (Table 2). Each of the
three epiphyte taxa had %N that varied in two sites, but
these sites were not consistent among groups. Fern %N
was significantly higher at the 1600 m site than the
adjacent 1000 m site; orchid %N was significantly
higher at the 2600 m site compared to the 500 m site
and bromeliad %N was significantly higher at the
1600 m site than the 30 and 500 m sites (Fig. 2a). Ferns,
overall, had the highest %N concentrations of the three
groups. Host trees overall had twice the %N compared
to the epiphytes (~1.10 = 0.03 and ~2.37 + 0.08,
mean + 1 SE epiphyte and host tree %N, respec-
tively). No significant correlations between elevation
and %N were detected for any group.

Phosphorus

Phosphorus concentrations varied among elevations
within epiphyte taxa and host trees (Table 2), but
varied little among epiphyte taxa within elevations,
and there were consistent patterns in %P among
ferns, orchids, and host trees among elevations
(Fig. 2b). Mean fern and orchid %P varied up to
twofold among elevations. Within both ferns and
orchids, the 1000 and 2000 m sites had the lowest
mean %P, whereas the 30 and 2600 m sites were the
highest with the 1600 m site having intermediate
values. Bromeliads were anomalous in that only one
site varied: the 1600 m site had significant higher %P
while the other sites ranked equivalently (Table 2).
Within elevations, %P did not vary among epiphyte
taxa except at the 30 m site where bromeliads had the
lowest concentrations. Host trees, such as ferns and
orchids, had the highest P concentrations at the 30,
1600 and 2600 m sites, and on average, had greater
%P than all the epiphyte groups (~0.118 £ 0.006
and ~0.068 £ 0.038, mean &= 1 SE host tree and
epiphyte %P, respectively). No correlations between
%P and elevation were found for any study group;
however, fern and orchid P concentrations correlated
significantly and positively with host tree P concen-
trations (Fig. 3).

Nitrogen:phosphorus ratios were significantly
different among elevations for all epiphyte taxa, but
not among host trees (Fig. 2c, Table 2). Fern and
orchid foliar N:P ratios were the lowest at the 30 m
site and highest for ferns at the 2000 m site, and for
orchids at the 1000 m site. Bromeliad N:P ratios were
the highest at the 1000 m site and equivalent at the
others. Across groups and elevations, only the 30 and
2000 m sites varied among taxa. At the 30 m site,
host trees had significantly greater N:P ratios than
ferns and orchids, but not the bromeliads, while at the
2000 m site, ferns had a greater N:P ratio than
bromeliads and orchids, but not the host trees. No
significant correlations were detected between N:P
ratios and elevation for any group.

Isotopes
Natural abundance 6'°C values were significantly
different among the elevations for ferns and orchids,

but not among bromeliads nor host trees (Fig. 4a). In
ferns, the 1600 m site was significantly more depleted
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continued

Table 2

8N %o

8"3C %o

3.956"
0.192)
0.610°
(0.379)
1.100°
(0.203)
1.505°

~3382
(0.823)

—1.080°
(0.766)
—2.63%
(0.454)

1.110*

(0.357)

—29.54
(0.76)

—28.90
(0.80)

—29.93

0.21)

—31.05%®
(0.28)

30

—2.897
(0.455)

—1.943°
(0.710)

—30.16

0.77)

—28.97
(0.50)

—30.60

(0.35)

—31.23%®
0.37)

500

—2.271
(0.378)

—3.18°

(0.190)

~5.600°
(0.529)

—29.52
(0.70)

—29.53
(0.29)

—31.58
(0.36)

—29.64%
(0.53)

1,000

—2.006
(0.268)

—2.416%
0.214)

—1.837°

(0.392)

—28.92
(1.00)

—30.40
(0.38)

—31.58
(0.52)

—31.91°
0.41)

1,600

(0.642)

—0.943¢
(0.200)

—~1.902
0.197)

—4.177%¢ —3.33°
(0.227)

(0.608)

—28.71
(0.47)

—-29.36
(0.37)

—30.87

(0.46)

—29.15¢
(0.59)

2,000

—1.482¢
(0.370)

—3.289°
(0.604)

—1.44%
(0.716)

—28.67
0.21)

—29.89

(0.58)

2,600

30.39¢

Differences in means within a group among elevations

(P < 0.05) were determined using a post-hoc Tukey test and are indicated by differences in lower case letter; no letter indicates no significant difference

than the 1000 and 2000 m sites, and the 2000 m site
was in turn more enriched than the 30 and 500 m sites
(Fgo = 5.28, P = < 0.001). Similarly in orchids, the
1600 m site was significantly more depleted than the
300 and 2600 m sites (Fgz = 4.19, P = 0.003). Only
two individuals had 6'°C values in the range of
crassulacean acid metabolism (8'°C = —16.11 and
—15.05%0), both the same species of bromeliads at
the 30 m site, Tillandsia festucoides, and both species
were removed for statistical comparisons of 6'°C
among elevations and groups. There was significant
variation within elevations among study groups in
6'3C, with bromeliads consistently more enriched
than ferns, but not always statistically so (Fig. 4a).
Among the epiphyte groups, there was a pronounced
depletion of 6'°C at the 1600 m site. Interestingly,
host tree 6'°C signatures were significantly more
enriched than ferns at most sites and did not exhibit a
depletion at the 1600 m site (Fig. 4a).

Natural abundance 6'°N signatures showed the
greatest variation of all the nutrients measured both
within taxa among elevations and among taxa within
elevations, with the exception of bromeliads which
showed no significant variation among elevations
(Fig. 4b). Host trees were the only group that had a
consistent pattern in relation to the other taxa in that
it was more enriched in 6'°N than all the epiphyte
groups (Fig. 4b) and also the only group that had a
linear, negative, and significant correlation with
elevation (Ri, = 0.66, P = < 0.001).

Using DFA with SLW, %N, %P, 6'°N, §'°C, and
elevation, we found that the mineral nutrition of the
epiphyte taxa were statistically distinct as indicated by
non-overlapping 95% confidence intervals (Fig. 5;
MANOVA: Pillai’s trace = 0.67, F = 13.38, P =
< 0.001). The first discriminant function explained
57% of the data while the second discriminant function
explained 39.9% with %P followed by %N having the
highest axis loadings.

Discussions

Epiphytic plants inhabiting the forest canopy often
exhibit a suite of morphological characters that are
unique from plants directly rooted in terrestrial
substrates. Such functional suites include characters
from modified leaves to velamen-coated aerial roots
that function directly in uptake of water and nutrients
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Fig. 1 Mean (£1 SE) specific leaf weight (g m~2, SLW) for
each study group: ferns, orchids, bromeliads, and host trees at
each of the six study elevations along the Barva Transect, Costa
Rica. Differences in lower case letters indicate significant
differences among groups within elevations (P < 0.05)

from the atmosphere. We hypothesized that the
differences in adaptations to nutrient uptake observed
in the major epiphyte taxa would be reflected in their
leaf construction and mineral nutrition: canopy soil-
rooted epiphytes would have lower SLW and greater
N and P concentrations than non-canopy soil-rooted
taxa as well as lower water stress. We also hypoth-
esized that epiphyte mineral nutrition would track that
of host trees because of their inherent link through
habitat, and that the mineral nutrition of epiphytes and
host trees would also track that of the ecosystem.

The differences in the functional morphology of
epiphytic taxa are evident by examining their differ-
ences in SLW. Orchids, on average, had higher SLW
than ferns and bromeliads while ferns had the lowest
(Fig. 1). These results suggest that orchids have
thicker, longer-lived leaves with lower photosynthetic
capacity per unit area than ferns at most sites along the
gradient (Reich et al. 1991; Reich et al. 1997; Wright
et al. 2005a). The lack of significant variation in SLW
among elevations indicates that leaf construction
within representative groups is conserved. Contrary
to our prediction, forest floor-rooted host tree leaves
had SLW comparable to that of epiphytes indicating
fewer leaf functional differences.

We found that among epiphyte groups, ferns with
exclusive dependence on canopy soil had the highest
N concentrations overall, non-soil-rooted bromeliads
had the lowest, and orchids were intermediate
(Fig. 2). Although nutrient concentrations cannot
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elevations along the Barva Transect, Costa Rica. Different
lower case letters indicate significant differences within taxa
among elevations (P < 0.05)

always be directly attributed to nutrient source pool
or size, the fact that the ferns had the highest N
content suggests that plants rooted in canopy soil
have access to more N than those that are dependent
on more stochastic extra-canopy N sources—a
pattern found in other forests (Hietz et al. 2002;
Wania et al. 2002). Not surprisingly, forest floor-
rooted host trees had the highest N concentrations
when compared to all the epiphytes across elevations
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requirements because of higher N use efficiency.

In contrast to N concentrations, P concentrations
among elevations varied significantly, but not among
epiphyte taxa (Fig. 2). These results suggest that N
concentrations in the canopy are dynamic and vary
among sources within sites, whereas the consistent P

Canonical 1

Fig. 5 Bi-plot of DFA of SLW and foliar %N, %P, 3N,
6'3C, and elevation for each epiphyte group: ferns (circle),
orchids (triangle), and bromeliads (square). Large, solid
symbols indicate a group’s mean. Samples were collected
from six elevations along the Barva Transect, Costa Rica
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concentrations among taxa within elevations indi-
cates fixed P availability. Further, the correlations
between fern and orchid P concentrations and those
of host trees (Fig. 3) also indicate that P is tightly
cycled in the system. Some evidence suggests that
canopy soil is composed of both epiphyte and host
tree litter inputs (Cardelus et al. 2009; Hietz et al.
2002) which would explain the similar trends
between host trees and ferns and orchids and may
suggest a link between their P cycles.

The invariability of P concentrations among taxa
within elevations combined with the correlations of P
concentrations lends further evidence to mounting data
indicating that the canopy habitat is P and not N-limited
(Benner et al. 2007; Benner and Vitousek 2007
Cardelds, in press; Cardelds et al. 2009; Winkler and
Zotz 2008; Zotz 2004; Zotz and Richter 2006). In a
recent empirical study of forest floor N and P fertiliza-
tion, epiphyte diversity and biomass increased signifi-
cantly with P but not N fertilization (Benner et al. 2007),
while other studies on individual species have shown
that P is more readily retranslocated than N during leaf
senescence (Zotz 2004). Further evidence of canopy
habitat P limitation is that litter decay is highly
correlated with lignin:P ratios, and not with lignin:N
ratios which is usually the case (Cardelds, in press).

The 1600 m site along our transect was notable in
that the P concentrations were high for all groups
(Fig. 2). Our sample transect occurred along a
dormant volcano and geothermal streams with high
total P output have been found at sites of lower
elevations (Pringle et al. 1993). However, soluble
reactive phosphorous was high at a stream near the
2000 m site (Pringle et al. 1993), suggesting that
geothermal inputs may be present at higher elevations
along this gradient. There are no additional anthro-
pogenic sources of P close to the site.

While §'°N signatures have successfully been used
to interpret source nutrients (Dawson et al. 2002;
Robinson et al. 2000), we found our data difficult to
interpret because of the high variability and lack of
consistent patterns within or among epiphyte taxa
(Fig. 4b). This high variability is likely a combina-
tion of source nutrient signature, a possible series of
integrated fractionation events (Dawson et al. 2002;
Robinson et al. 2000), and variability among species
within each taxon. The most notable result for 6'°N
values was the depletion trend with increasing
elevation in host trees. Although this depletion in

@ Springer

0N values with elevation could be caused by
changes in N sources with increasing elevation, this
trend may also reflect fewer N losses in the more N-
limited higher elevations (Amundson et al. 2003;
Martinelli et al. 1999). This pattern is supported by
the observation that available soil N decreases with
increasing elevation on the Barva Transect (Marrs
et al. 1988). Although the correlation between host
tree 6'°N values and elevation is strong, it may be
undetected in soil-rooted epiphytes because they are
accessing soil nutrients that have both epiphyte and
host tree inputs.

Plants under water stress often exhibit high water
use efficiency (WUE) which is seen by the enrichment
of 6'°C signatures. Among epiphyte taxa, we found
that bromeliads had the most enriched 5'>C values, on
average, indicating that they have greater WUE than
ferns and orchids. The more enriched signatures at the
base of the mountain and the peak are not surprising
given the high temperatures and lack of cloud cover in
the former and the high winds in the latter, which can
decrease water supply (Hartshorn and Peralta 1988).
The 1600 m site is where the WUE of all the epiphyte
groups is low, i.e., most depleted 6'*C values (Fig. 3a).
Although this is not the site with the highest inputs of
precipitation, it is the middle of the cloud forest band
which may contribute significant amounts of water to
the site. Because of the limited water storage capacity
of the canopy habitat due to the low abundance of
canopy soil (Nadkarni 1984; Cardelus et al., unpub-
lished data), epiphytes have been shown to have §'°C
values that are often more enriched than terrestrially
rooted plants (Stewart et al. 1995; Watkins et al. 2007).
However, host trees did not have depleted 8'3C values
compared to epiphytes (Fig. 3a). Rather, host tree §'*C
values were intermediate among epiphytes at lower
elevations and the highest at upper elevation indicating
lower water use efficiency than epiphytes at upper
elevations (Fig. 4a). This finding, at first, seemed
counterintuitive given that host trees have the water
resources of the forest floor soils. However, one
possible explanation for this is the cloud cover. Cloud
cover begins at mid elevation, and the cloud layer often
sits above the forest floor and could be delivering
inputs of water to the canopy and not directly to the
forest floor resulting in greater water stress on the forest
floor than in the canopy.

The variation among epiphytes groups is exempli-
fied in the DFA which showed that ferns, orchids, and
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bromeliads have statistically distinct mineral nutri-
tions. These differences are likely due, in part, to their
differences in nutrient-uptake mechanism as well as
nutrient source. Elaboration of leaves and stems for
nutrient capture aboveground increases the diversity
of nutrient sources that the epiphytic plant community
can use and may ultimately facilitate and maintain the
high morphological and taxonomic diversity of can-
opy communities (Lesica and Antibus 1990; Nadkarni
et al. 2004; Putz and Holbrook 1989) .

The significantly greater N concentrations and
significantly depleted 6'°N values of ferns, orchids,
and bromeliads than host trees supports the hypoth-
esis that species of canopy habitats rely more on
atmospheric or within-canopy derived N sources,
while forest floor-rooted trees derive N from a more
N-rich and highly fractionated N soil pool. These
results are consistent with findings that canopy plants
have lower N concentrations and have more depleted
0'°N values than forest floor-rooted plants (Hietz
et al. 1999; Hietz et al. 2002; Stewart et al. 1995;
Watkins et al. 2007). Two possible mechanisms for
the more depleted 5'°N values of epiphytes compared
to host trees are that (1) the majority of organic inputs
into the canopy are depleted in J'°’N—epiphytes
depleted in 6'°N derived from the atmosphere die and
decompose in place (Hietz et al. 2002)—and (2)
external inputs into the canopy are depleted in 6'°N.
The former is supported by data from a leaf retention
study done in Monteverde, which suggests that host
tree litter decomposition is minimal because the
leaves are blown out of the canopy within two weeks
of leaf fall (Nadkarni and Matelson 1992). However,
other studies have shown canopy soil to be isotopi-
cally enriched relative to epiphytes, mirroring the
isotopic signature of host tree leaves (Cardelus et al.
2009; Hietz et al. 2002) suggesting that decomposed
host tree foliage contributes significantly to canopy
soil.

A nutritional linkage between host trees and
epiphytes exists for P (Fig. 3) with less evidence
from this study linking N cycles. It seems clear that
the canopy resource status is largely disconnected
from terrestrial resource status which is especially true
of those taxa not rooted in canopy soil. Our data
suggest that the host tree has a differential role in the
N nutrition of epiphyte groups. Epiphytes rooted in
canopy soil have access to nutrients from decomposed
host tree litter (Cardelus et al. 2009) as well as a larger

nutrient pool derived from decaying epiphyte litter
than non-canopy soil-rooted epiphytes, as indicated
by the significantly higher N concentrations of canopy
soil-rooted ferns at most sites (Fig. 2; Table 2). Given
the lack of variation among groups at each site, our
data also suggest that P is more limiting in the canopy
habitat compared to the forest floor. The mineral
nutrition of epiphytes compared to host trees also
indicates that the canopy habitat is either nutrient poor
or that nutrients are less available compared to the
forest floor, or both.

We found some surprisingly broad (consistent)
patterns of mineral nutrition across diverse groups of
epiphytes. For example, ferns and orchid P concen-
trations were closely correlated with the concentra-
tions of host trees. In addition, host tree 6'°N values
correlated negatively with elevation and epiphyte
foliar nutrient concentrations were lower than host
trees. However, most surprising were the lack of
patterns both among epiphyte groups and between
epiphyte groups and elevation. This finding is consis-
tent with one known study on epiphytic and terrestrial
ferns along a disjunct elevational gradient, which
were found to have increasing foliar N concentrations
with increasing elevation, contrary to forest floor soils
N concentrations (Wegner et al. 2003). These results,
however, are in contrast to a number of articles on
terrestrial-based taxa showing that along temperature/
latitudinal gradients there is a trend of decreasing
foliar N and P concentrations with increasing mean
annual temperature (McGroddy et al. 2004; Reich and
Oleksyn 2004). The inconsistency of our data with
those of large and diverse datasets on predominantly
forest floor-rooted taxa suggests that the nutrient
dynamics of epiphyte communities are radically
different from those rooted in the forest floor soil
and thus, must be examined as a separate group.
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