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ABSTRACT

We examined natural abundances of *C in vegetation and soil organic matter (SOM) of subtropical wet and rain
forests to characterize the isotopic enrichment through decomposition that has been reported for temperate forests.
Soil cores and vegetative samples from the decomposition continuum (leaves, new litter, old litter, wood, and roots)
were taken from each of four forest types in the Luquillo Experimental Forest, Puerto Rico. SOM 62C was enriched
1.6%o relative to aboveground litter. We found no further enrichment within the soil profile. The carbon isotope
ratios of vegetation varied among forests, ranging from —28.2%o in the Colorado forest to —26.9%o in the Palm
forest. Isotope ratios of SOM differed between forests primarily in the top 20 cm where the Colorado forest was
again most negative at —28.0%o, and the Palm forest was most positive at —26.5%o. The isotopic differences between
forests are likely attributable to differences in light regimes due to canopy density variation, soil moisture regimes,
and /or recycling of CO,. Our data suggest that recalcitrant SOM is not derived directly from plant lignin since plant
lignin is even more *C depleted than the bulk vegetation. We hypothesize that the anthropogenic isotopic depletion
of atmospheric CO, (c# 1.5%o in the last 150 years) accounts for some of the enrichment observed in the SOM
relative to the more modern vegetation in this study and others. This study also supports other observations that
under wet or anaerobic soil environments there is no isotopic enrichment during decomposition or with depth in the
active profile.
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RESUMEN

Examinamos la abundancia natural de ¥C en la vegetacion y la materia organica del suelo (SOM) de bosques
subtropicales hiimedos y lluviosos para caracterizar el enriquecimiento isotdpico, debido a descomposicion, que ha
sido repoitado en bosques templados.

Muestras de planta y suelo representando diversas fases del proceso de descomposicion (hojas verdes, hojas recién
caidas, hojarasca, madera y raices) se tomaron en cada uno de cuatro tipos de bosque en el Bosque Experimental
Luquillo, Puerto Rico. El 2C de la SOM mostrd un enriquecimiento de 1.6%o en comparacion con la hojarasca. No
encontramos enriquecimiento adicional en el perfil del suelo. Las proporciones isotdpicas de carbono de la vegetacion
variaron entre los diferentes bosques desde —28.2%o en el Bosque Colorado hasta —26.5%o en el Bosque Palma. Las
proporciones de isotopos de la SOM, principalmente en los 20 primeros cm., también variaron entre los bosques,
siendo el Bosque Colorado el del valor mas negativo con —28.0%o, y el Bosque Palma el del valor mas positivo con
—26.5%o. Las diferencias isotopicas entre los bosques podrian atribuirse a diferencias en los regimenes de luz debido
a variaciones en la densidad del dosel, a diferencias en los regimenes de humedad del suelo y /o al reciclaje de CO,.
Nuestros datos sugieren que la SOM recalcitrante no se deriva directamente de la lignina de las plantas debido a que
ésta ultima estd ain mas empobrecida en C que la vegetacion en su totalidad. Planteamos la hipotesis de que la
degradacion isotopica de CO, atmosférico debido a la accién del hombre (1.5%o en los Gltimos 150 afios), daria
cuenta en parte del enriquecimiento observado en la SOM en relacidn con la vegetacion actual analizada en éste y en
otros estudios. Este estudio también apoya otras observaciones de que, bajo condiciones de suelo anaerdbico o himedo,
no existe enriquecimiento isotdpico durante la descomposicion ni al profundizar en el perfil activo.

Palabras clave: dioxido de carbono; isotipos de carbono; descomposicion; enriquecimiento; fraccionamiento; hojarasca;
bosque lnvioso; materia organica del suelo; $"3C.
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PRIMARY PRODUCERS FIX CARBON AND ISOTOPICALLY
LABEL the organic matter they create. The stable
carbon isotope ratios (8'>C values) of most plants
fall into two broad ranges based on their photo-
synthetic metabolism: those plants which use a C,
(Hatch-Slack) mechanism have an average 6'>C near
—12.5%0 to —14.0%o0, while those which use the
C, (Calvin cycle) mechanism are significantly more
negative near —26.5%o to —28.0%o (O’Leary 1988,
Tieszen 1994). This isotopic label is incorporated
into other compartments in the ecosystem or re-
turned to the atmosphere with respired CO,. Be-
cause isotopic compositions integrate ecosystem pro-
cesses (see Ehleringer ez /. 1993), understanding
the isotopic development of soil organic matter
(SOM) has become especially useful to document
vegetation change (Dzurec et /. 1985, Schwartz ez
al. 1986, Volkoff & Cerri 1987, Vitorello ez /.
1989, Tieszen 1991, Andreux ez #/. 1992, Bal-
esdent ez 4/. 1993, and Mariotti & Peterschmitt
1994) and to reconstruct paleoenvironments (Krish-
namurthy ez 2/. 1982, Cerling 1991, Sukumar e#
al. 1993). The quantification of these vegetation
changes will be aided by a clearer understanding of
any fractionation which may occur between plant
material and SOM formation.

If there were no fractionation or selective de-
composition during the decay process, SOM would
contain the same carbon isotope value as the veg-
etation that gave rise to it. Because SOM exists in
pools characterized by different turnover rates (Pat-
ton ez @l. 1987), the isotopic signals of these pools
integrate the vegetation histories which produced
the SOM. These differences in tutnover rates were
shown clearly by Balesdent (Balesdent ez /. 1987)
where the C; isotopic signals derived from forest
soil were almost totally replaced in the more labile
organic matter pools by a C, signal following 23
years of maize cultivation. More recalcitrant pools
were largely unaffected. Furthermore, the study
showed less organic matter turnover with greater
depth in the profile.

We would expect ecosystems which have existed
for long periods (thousands of years) to possess
uniform carbon isotope ratios throughout the profile
and in all SOM pools. However, some results sug-
gest that under long-term forestation there is an
enrichment (§'*C becoming more positive) both be-
tween litter and soil and with depth in the soil
profile. Some New Zealand soils under deciduous
forests showed a 1.4%o to 1.5%o enrichment between
the surface and 75 ¢cm (Goh ez #/. 1976). Similar
enrichment within the profile was reported in Ger-
man forests where deeper soils were enriched 2%o
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relative to surface soils (Schleser ez /. 1981). North
American forests have also exhibited enrichment
within the soil profile: soils under old oak forests
in Wisconsin were enriched 1.6%o between the top
10 cm of mineral soil and the deeper soils (Na-
delhoffer & Fry 1988), and soil beneath a pine
forest in Massachusetts was enriched 1.6%o from
the forest floor to 45 cm deep (Melillo ez 2/. 1989).
These enrichments have generally been attributed
to preferential microbial degradation of *C-deplet-
ed biochemical components.

In contrast to the above 2C enrichment of SOM,
Ember ez 2/. (1987) reported that soils developed
under marsh grass, Spartina alterniflora, were de-
pleted 2%o relative to fresh litter. Stout ez 2/. (1981,
Stout & Rafter 1978) showed that the carbon iso-
tope value of equilibrated aboveground vegetation
in New Zealand grasslands did not differ from that
of the upper soil hotizons. Similarly, Stout detected
no fractionation with depth in peats or in Agathis
forests in New Zealand (Stout ez 2/. 1975) where
decomposition was restricted in wet soils. The stud-
ies by Stout and Ember have linked the isotopic
depletion with depth to restricted degradation due
to anaerobic conditions. Under these conditions,
presumably, *C depleted biochemicals like lignin
are retained.

This study was designed to complement similar
studies in temperate forests by characterizing the
isotopic composition of some tropical forests and
investigating the potential and magnitude of the
reported enrichment of *C associated with soil depth.
We describe the stable carbon isotope composition
of plant compartments and SOM in four forests in
the Luquillo Experimental Forest, Puerto Rico. We
establish the relationships between carbon isotopic
signals in SOM and vegetation in the forest eco-
systems that have existed for long periods.

MATERIALS AND METHODS

The Luquillo Experimental Forest, an NSF Long
Term Ecological Research (LTER) site, is located in
the Luquillo Mountains of northeastern Puerto Rico
(18°18'N, 65°47'W). We sampled the four life
zones (forests) defined by Ewel and Whitmore
(1973) which typify the range of diversity found
with the Luquillo forest. Based on climate and veg-
etation, the Colorado forest is classified as a sub-
tropical rain forest, the Dwarf forest as a lower
montane rain forest, the Palm forest as a lower
montane wet forest, and the Tabonuco forest as a
subtropical wet forest. The Colorado and Dwarf
forests receive over 4 m of precipitation annually
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and Palm and Tabonuco receive about 2 m, keeping
all forests wet throughout the year. Soil character-
istics of the Luquillo Experimental Forest are re-
viewed and described as quite diverse (Brown ez /.
1983). The Ultisols at our sites were generally deep,
weathered, leached, and low in pH. As altitude
increases from the lower and well drained Tabonuco
sites, soil moisture and organic matter increase. The
Palm and Dwatf soils are poorly drained and sat-
urated with stronger reducing conditions in the Dwarf
forest. The Tabonuco forest occupies the largest
fraction of Luquillo and is found mostly on better-
drained ridges below the 600 m cloud condensation
level. Colorado and Palm forests are both found
above 600 m, but Palm forests usually occupy wet-
ter soils and steeper slopes than the Colorado. The
Dwarf forest exists at the highest elevations in Lu-
quillo and is characterized by wind and neatly con-
stant cloud cover (Brown ez a/. 1983).

We analyzed soil and vegetation samples from
four sites within each forest. Within each 5 X 5 m
site we pooled two soil cores (2.5 cm diameter)
ranging in depth from 40 to 60 cm. The cores were
stratified and pooled by depth at 0 to 10 c¢m, 10
to 20 cm, and greater than 20 cm. Prior to analyses,
soil samples from each strata were picked free of
macroscopic roots which were then sorted into roots
greater than 2 mm in diameter and roots less than
2 mm. Both roots and soil were treated with 1 N
HCI at room temperature and shaken to remove
carbonates, occasionally present, before being ground
to homogeneity.

We collected four categories of composited veg-
etation at each site including: fully developed green
“leaves’” from trees and undergrowth surrounding
the core atea, leaves which had recently fallen from
the trees and had not yet lost their green color
(hereafter “‘new litter”’), “‘old litter” which was par-
tially decomposed identifiable organic matter from
the forest floor, and dead ““wood,” including pro-
portional amounts of twigs, branches and boles, that
had fallen to the ground. Each vegetation sample
consisted of >500 g of plant material. All vege-
tation samples were dried and ground to pass a 40
mesh sieve. Lignin and cellulose extracts were taken
from some of the vegetation according to Fagre ez
al. (1991). A soluble fraction was removed by ex-
tracting the ground sample in pH 7.0 water, for
24 hours at room temperature, and with constant
agitation.

The leaves sampled from one site in each forest
were separated and identified by species to describe
isotopic variation among species. Species were iden-
tified by the LTER field vegetation technician. For

statistical purposes, we calculated the green value
for this intensively analyzed site from the mean of
the values for these species.

Vegetation and soil samples were analyzed for
C and N by combustion (1.5 mg sample size for
vegetation, 5 to 20 mg for soil) on the Carlo Erba
1500 CN analyzer. Sample CO, from elemental
analysis was then cryogenically purified and ana-
lyzed for carbon isotope ratios on a VG SIRA 10
isotope ratio mass spectrometer (IRMS) (Tieszen &
Fagre 1993). The 6"C values were calculated by
the following standard equation: §°C = (R, —
R,)R,~! x 1000 where R, = ratio of *C to *C in
the sample, and R, = ratio of *C to 2C in PDB
standard. The precision of the instrument including
sample preparation and analysis is better than 0.2%o.
Periodic replicates were run, and internal standards
were interspersed with every 10th sample. SOM
was radiocarbon dated by conventional counting at
Geochron Inc.

Statistical analyses were performed on
SuperANOVA (Abacus Concepts, Inc., Betkeley,
California). When models were significant (P <
0.05), we grouped similar means by the statistically
conservative Tukey-Kramer test.

RESULTS

VEGETATION.—The mean carbon isotope ratios of
vegetation compartments fell into a narrow range
from —30.7%o for leaves in the Tabonuco forest to
—26.9%o for roots in the Dwatf and Palm forests
(Table 1). Roots did not differ isotopically with
depth in the soil profile (F = 0.5, P = 0.6), or by
size (F = 3.9, P = 0.53), and were thus pooled
within forests for statistical comparisons. Isotope
ratios of vegetation compartments differed consis-
tently between the more negative leaves and more
positive roots. New litter, old litter, and wood were
isotopically similar and intermediate, differing as a
group from leaves and roots. Vegetation in the Ta-
bonuco and Colorado forests possessed the more
negative isotope ratios, and Dwarf and Palm the
more positive.

The patterns of C:N ratios were similar in all
forests. Leaves had the lowest C:N ratio, averaging
28. Litter and finer roots wete intermediate while
large roots and wood had typically high C:N ratios
together averaging 78 (Table 1). Vegetation C:N
ratios did not differ significantly among forests.

Leaves sampled from individual species in the
understory ranged from —26.6%o for Daphnopsis
philippiara in the Colorado forest to —33.3%o for



