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Abstract We describe an ontogenetic shift in nitrogen (N) 
isotopic values in 3w0 rosette-forming epiphytic brorne- 
liads. Leaf tissue N isotope values of small individuals of 
two bromeliad species (mean -6.2%) differed from those 
of large individuals within each species (mean -0.5%), 
Using references for potential N sources, we calculated thc 
relative contribution of autochthonous (soitderived 
through leaf litter) and allochthonous (atmospheric 
deposition) N wit13 a two-member mixing model. Atmo- 
spheric sources contributed as much as 77-80% of the N 
in smaIl individuals, whereas soil-derived N contributed 
%72% (conservative reference value) to 100% (less 
consewatlve reference value) of leaf tissue N in large 
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plants. Shifts in N source with increasing plant size may be 
important aspects of rainforest complexity, an under- 
studied aspect of ecosystem diversity. 

Keywords Guzrnaniu - Vrieseo + La Selva - Stable 
isotopes . 5 1 5 ~  

Epiphytes live in low-nutrient environments penzing 
20003 and have evolved several modes of nutrient uptake. 
Epiphytic rosette-forming bromeliads carry out negligible 
nutrient uptake via holdfast-forming roots (Nadkarni and 
Primack 1989), so once their minute seed reserves arc 
depleted they depend primarily upon two nitrogen (N) 
sources: allochthonous (wet and dry atmospheric deposi- 
tion), and autochthonous (taken up by host trees from the 
soil, incorporated into leaves, and captured as falling leaf 
1 itter). 

We predicted that the source of N used by epiphytic 
bromeliads would shift from being primarily allochtho- 
nous when small (i.e., before development of a litter- 
trapping rosette) to primarily autochthonous as the roscmc 
(and therefore litter capturing efficacy) increases with 
plant age. Wc used stablc isotopes to characterize tissue N 
as a function of rosette size in two widespread, nmtropical 
cpiph ytic brornel iads, Gutmania tnorrosmcf~va (L.) Rusby 
ex Mez and Vrie.~eu glndiolifora (H. Wend].) Antoine. 
Our approach was based on the assumption that, if small 
individuals depend on allochthonous N, then their isotopic 
N values should be similar to those of reference plants 
known to rely exclusively on atmospheric sources. 
Likewise, if larger plants rely on autochthonous N,  thcn 
thcir isotopic values should be similar to those leaf titter 
and tissues of non-tank epiphytes known to be dependent 
upon litter-derived canopy soil for their N. 



Materials anrf methods 

This study twk place in replicated 10-year-old plantations 
(Hveronin~o a/cl~orneoides. Euohorb~aceae) at kr Sclva Biolo~ical 
station (10e2h'N, 8 4 ° 0 1 ' ~ ;  jfi m nsl) in  Costa Rica. ~ i t i  an 
average annual rainfall of nearly 4,000 mm, the region is classified 
as tropical wet forest (Hotdridge 1967). The soil is fertile alluvium 
that sustains N mineralizatlon rates of-100 kg ha-' year-l(Hiremath 
and Ewcl 2001). The tmes had been planted for experimental 
purposcs at high density (2,887 trees ha-') and periodically thinned 
light!? to maintain full use o f  resources while avoiding stand 
stasnation (Haggar and Ewe1 3997). 

To determine the relationship bcrwecn lirter-trapping effectiveness 
and trap area (a surrogate for bmmeliad tank area), we constructed 
incrementally skcd (10. t 5 .  30, and 50 cm in d~amcter; n=20 per 
size category), round litter collectors and attach4 them to host trees 
1.5 m above the ground at nndomi7cd compass directions. Leaf 
litter was collected biwcekly for I year, dried at 7Q°C to constant 
mass, and weighed. 

Epiphyte samples were collccted during December 2000 from the 
vertical stems of the plantd  mes. Bccause epiphyte N isotope 
vaIucs vary as a funciion of position on thc p h h p h y t e  in other 
forests (Wania et al. 2002) all plants w a e  sampled 1-2 m above the 
ground. We collected the youngest fully expanded leaf (clipped 
above tank water Icvcl to avoid mixing isotopic values o f  tank water 
w ~ t h  bromeliad leaf tissue) from dcvdoping and mature individuals 
of two rosette-foming brorncliad spcclcs, G. morros~acl~yu (n-17) 
and J! glarliolrj7ora (n=46). To estimate the isotopic values OF 
allochthonous N, two non-rank-forming brorneliad spccies assumed 
to depend entirely upon atmospheric N (Ben7ing 2000). 77lr1ndsirr 
ancep.c and 7: jeshrcnides, wcrc sampled (n=S f i ) ~  each species). 

To determine whether stemflow and thmughfall contributed 
appreciably to N inputs to epiphytes at our s~ tc ,  we collected 
sainples fmm five randomly located samplers for stemflow. 
throughfalI. and rainfall using protocols dcscribed by Hiremath 
( I  999). Samples were collected for two rainfall events in December 
2001). Samples were filtered snd irnmctliately analy7ed for NH4 and 
NO, concrntsation (Alpkem 1986). after which concentrat~ons in 
rainwater were subtracted from those in stemflow and throughfat! to 
estimate net inputs. 

The rcferencc isotopic value for autochthonous N was obtained in 
two ways. Fist. fresh leaf litter was collected daily for 3 weeks 
using elevated liner traps, dried to constant mass, then pooled to 
produce weekly litter sarnplcs. For a less conservative estimate of  
autochthonous N, mature lear tissue was collected fmm four species 
of cpiphyte that root in decomposing leaf litter and arc incapilble o f  
trapping titter. Three of thosc species werc epiphytic ferns 
(Crzmp?~lonertmtt hrevi~oliitm. Phl~hodi~illrn pseudnatrre~rm, and 
Po!vpodittm tri-~erjule) and the fourth was a fern ally (Lycopodirrm 
Iinenrijolirtm) (n=5 for each spec~es). 

Lcaft!ssue was cleaned before drying to constant mass at 70°C, 
ground to n fine powdcr in n hall grinder. and weighed into tin 
capsules for continuous flow isotope ratio mass spectrometry 
(Ccntcr for Stable Isotope Uiogmchcrnistry, UC Berkclcy and the 
University of Arkansas Stable Isotope Laboratory. Fayetteville). 
Samples were analyzed for S L 5 ~  values and N content by mass. 
Nitrogen isotope values arc expressed in parts per tl~ousand 
(Elilcr~nger and Rundel 1988): 

where dXSdd is the isotope ntio rclativc &o a standard, and 
R,, I, and Raandard are the absolute isotope ratios of the sample and 
stanlard, respectively. The isotopic value for 6'% was calculated 
relatrve to thc atmospheric N standard (1S~/'4~,,,h,= 
0.0036745). Wc used curvilinear regression to test the relationships 
between plant size and b " ~  value h r  6. n~onosracl:va and C! 
giudio!iflara. 

To dctcrmine the relative contribution of atlochthonous and 
autochthonous N to individual bromcliads as a function o f  plant size, 
the following two-ended mixing model was used (Robinson 2001): 

w h m  X,, is the fraction of N h m  the tracer (i.e.. 
allochthonous) source in the sample relative to the fraction of N 
from the background (i.e., authochthonous) source. The model 
assumes that the fractionation of N isotopes during uptake is similar 
for all samplcd individuals. 

The amount of N trapped by litter baskets in the form of 
fiesh leaf litter increased linearly as a function of trapping 
area ($=0.74, P<O.OOO I). Small baskets trapped 1 1  0 mg 
N (0.037 g mean dry leaf litter) every 2 weeks, whereas 
large baskets trapped up to 100 rng N (6.93 g mean dry 
leaf litter) in that same time pcriod. We found no 
signif cant spatial variation in litter inputs (MS=67,806, 
dpI6, F=1.02, P=0.44), nor did we find significant 
temporal variation in litter inputs (MS=5.76, dF23, 
F=0.456, P0.95). 

Mean NO3 and NH4 concentrations were 0.084.17 and 
0.1 1 rng 1-"in rainfall, respectively. Net NO3 and NW4 
concentrations in stmflow were -0.08 to +0.04 and -0.06 
to -0.01 mg I-', respectively, while NO3 and NH4 
concentrations in throughfall were -0.09 to M.05 and 
-0.07 to -0.06 rng I-', respectively. 
Mean mass-based N content of G. monostachyo leavcs 

did not differ fiom that of F! ghdiolljora (Table 1; t= 
-1.04, df45, F0.30).  Leaf mass per area was 0.014 
a . 3  g rn-' in G. monoslachya and 0.0135rt0.2 g m-2 in K 
giadiolifloru. Mean area-based N content was 0.07*0.02 g 
N m-2 'in G. rnonostacltya, and 0.0734.02 g N mL2 in K 
gludiolflora. There were no strong correlations between N 
content and 6':'~ valuc in either G. monostachya or K 
gladiolijlora (?=0.001 and 0.17, and M.514 and 0.003, 
respectivdy). 

Both G. monostachya and K gladiolgora underwent a 
dramatic shift la the N isotopic value as a function of age 
and size. Small plants of both species had values as low as 
-6.6%, whereas the mean value of larger plants was as 
high as -0.8% in G. monostachya and +Oh% in K 

Table I . Mean nitrogem content and b i 5 ~  values for Guzmania 
monostachyn, Vt-iexen gladiol~flora, plants dependent upon al- 
lochthonous N (two;rillnndsio species), plants dependent upon N 
from decomposed fitter ( f m s  and fcrn arty: C'ampylorre!iron 
brev~folilrm, Phlel~odt~rm p.~c~tdmlrretrm. Po[v@iunl ~riseri~le ,  
and Lycopodiium linearifolirmr ), and fresh litter. N.A. not avai lablc 

N content 6% (%I 

G. monostachyo 0.9M.3 0.07H.02 
K gludiolfjroro 0.9M.2 0.07r0.02 " 
nllnndsia spp. 0.7M.2 N.A. 6.4*2.0 
Ferns and fern allies 1.5a.4 N.A. *.%I .6 
Fresh litter 1.8*0.5 N.A. +2.5+0.7 

'See fig. 1 for 6 " ~  values of G. monos~achya and I! gladiolfloru 



Plant diameter (cm) 
Fig. t A, B Nitmgen isotope values as a function of plant size. A 
Grrzmonin mono.~tochyo (2=0.57, P<0.000 1) and B Yrie.sea 
g/(~diol i f iw (r2=0.54, M . 0 0 0  I). Refcrencc l incs for the &''N 
values for the potential N sources: bromeliads h o w n  to depend on 
atmospheric N, 7illantfsia nrtcep-v and 7: fesr~dcoides (dashed 
hori:otrml line, n=S); plants w~th roots accessing decomposed litter, 
L~roporiirrrn linear! foliirm, Cnrnpjdoneirron hrev~folblrril, Phlcbo- 
diunt ps~rrdmuretlnt, Po/ypdiirm~ rriseriale (solid hori:onml lirre, 
n=5); and fresh lcaf litter (dor-du.~hed line, n=IR). All potential 
sources d i f f c d  from one anothcr (df-2. MS= 1 59.3, F= 1 1 2.2, 
P<O.OUOI and Bonfcrroni post hoc analyses W . 0 0  1 ) 

gladiolij7ora (Fig. 1). The mean N isotopic value of the 
two Ellandsia species that were selected to approximate 
that of allochthonous N differed from that of fresh litter 
(Table I),  as did the mean value of the ferns and fern 
allies. 

The Meended mixing model also showed that G. 
monostaclya and K gIadiol$7ora underwent a dramatic 
shift in the source of N used as a function of plant age and 
size. On average, atmospheric sources accounted for 80% 
and 77% of the foliar N in smaller individuals, whereas 
litterderived sources accounted for 20% and 23% in G. 
monostaclga and f! gladioljflora, respectively. In contrast, 
atmospheric sources accounted for 37% and 28% of the 
foliar N in larger individuals, whereas litter-derived 
sources (conservative estimate) accounted for 63% (G. 
monostachya) and 72% ( I !  gladiul[fTorn), In both G. 
monostoclya and I.I gladiol~flora, the model predicted that 
100% of the N in large individuals is autochthonous (i.e., 
decomposed litter). 

Discussion 

The N isotopic values and N contents in our study are 
within the range of those reported for epiphytes and leaf 
litter in Costa Rican lowland wet and mid-elevation cloud 
forests (Hietz ct al. 2002; Wania et al. 2002), and in other 
tropical forests (Stewart et al. 1995). 

The dramatic shift in N isotopic values as n function of 
size observed in these two bromeliad species supports the 
prediction that N sources shift as plants age and grow. 
Small bromel iads that have not developed tanks depend 
upon atmospheric inputs, giving them isotopic values 
similar to thost: of atmospheredependent TiIIand.~fu 
species, whose N isotopic vallrc w a ~  reflective of atmo- 
spheric N (Heaton 1986). Wc suggest the 6 1 5 ~  values of 
larger plants reflect the integration of the isotopic 
composition of leaf litter (2.5%0), possible discrimination 
during net N uptake, and the -2 to -3560 shift that occurs 
during leaf decomposition (Nadclhoffer and Fry 1988). 

An alternative interpretation of these data is that slow- 
growing plants rely on different N sources than do fast- 
growing plants, s possibility we can test with growth data. 
Rates of leaf production by K gladiol(florn are approxi- 
mately double those of G. monostachya for most months 
during the year (A. Reich, unpublished data), and because 
the two specics exhibit similar shifts in N isotopic values 
as a function of plant size, this alternative hypothesis can 
be ruled out. 

Canopy leaching is an unlikely source of nitrogen for 
these epiphytes. First, the N concentration in rainfall is 
extremely low {Eklund et al. 1997). Furthermorem thc tree 
crowns at our site arc net N sinks, not N sources (Hircmath 
and Ewe1 2001). 

What about possiblc N sources other than the atmo- 
sphere and lcaf litter? Although fixation of diatomic N by 
microbes in the water-holding rosettes may be an 
additiona1 N source in some locales, it is law or absent 
in the bromeliads at our site (Bentley and Carpenter 1984). 
Animals (e.g., insects, spiders, and frogs) are k n o w  to 
associate with brorneliad tanks (Benzing 1986; Richardson 
1949; Maple 20021, and we do not discount the possibility 
that animal immigrations, excretions, and decomposition 
contribute to bromeliad nutrition in some habitats. In oar 
rnonospccific stands of H. alchorneoidcs, the frog 
Dendrohales pumilio deposits its tadpoles and nutritive 
eggs in the tanks of larger individuals of G. monostaclya, 
but tadpoles are found in fewer than 10% of the plants 
(Maple 2002). Although we did not measure the N 
isotopic values of animal inputs, we suspect that they are 
at best modest N sources for the bromeliads in our 
plantations. 

We documented a difference between the isotopic 
values of fresh leaf litter and those plants that derive N 
from decomposed litter. A 2 4 %  shift has been docu- 
mented during litter decomposition (Evans 2001) and i s  
reflected here in our less conservative autochthonous 
reference tissues (ferns). The less conservative estimate of 
the relative input from autochthonous N i s  analogous to 
accounting for decomposition by subtracting approxi- 




