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Nitrogen immobilizationby decomposing woody debris and the
recovery of tropical wet forest from hurricane damage
J. K. Zimmerman,W. M. Pulliam, D. J. Lodge, V. Quifiones-Orfila,N. Fetcher, S. Guzman-Grajales,J. A.
Parrotta, C. E. Asbury (t), L. R. Walker, and R. B. Waide
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Followingdamagecausedby HurricaneHugo(September1989)we monitoredinorganic nitrogenavailabilityin soil twice in 1990, leaf areaindex in 1991 and 1993, and
litterproductionfrom 1990 through1992 in subtropicalwet forestof easternPuerto
removalof litterandwoodydebrisgeneratedby thehurricane(plus
Rico.Experimental
any standingstocks presentbeforethe hurricane)increasedsoil nitrogenavailability
andabove-ground
control
productivityby as muchas 40%comparedto unmanipulated
plots. These increaseswere similarto those createdby quarterlyfertilizationwith
debris was woody
inorganicnutrients.Approximately85% of hurricane-generated
debris >5 cm diameter.Thus, it appearedthat woody debris stimulatednutrient
immobilization,
resultingin depressionof soil nitrogenavailabilityandproductivityin
control plots. This was furthersuggested by simulationsof an ecosystem model
(CENTURY)calibratedfor oursite thatindicatedthatonly the largewoodcomponent
of hurricane-generated
debriswas of sufficientlylow qualityandof greatenoughmass
to cause the observed effects on productivity.The model predictedthat nutrient
immobilizationby decayingwood shouldsuppressnet primaryproductivityfor 13 yr
andtotallive biomassfor almost30 yrfollowingthehurricane.
Ourfindingsemphasize
the substantialinfluencethatwoodydebrishas uponnutrientcyclingandproductivity
in forestecosystemsthroughits effectson the activityof decomposers.Wesuggestthat
the mannerin whichwoodydebrisregulatesecosystemfunctionin differentforestsis
significantlyaffectedby disturbanceregime.
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Large inputs of litter with low nutrientcontents are commonly known to temporarily limit production in agricultural systems because of nutrient immobilization by microbial decomposers (Stevenson 1986). This effect, well
described by the 1930's (Paul and Juma 1981), occurs

because microbes decomposing poor quality litter must
draw upon plant-available forms of nitrogen in the soil in
order to raise the nitrogen content of the decomposing
material to that of their own biomass. As decomposition
proceeds, the decomposing material becomes exhausted,
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microbial populations decline, and nitrogen is once again
released to plant-available soil pools. These effects are
only caused by litter with an N concentration less than
about 2% (Stevenson 1986). Decomposition of litter with
higher N concentrations either has no effect on the system
or provides increased nutrient availability to plants
throughout the decomposition process. In agricultural
systems, the transient loss of productivity during decomposition of low quality litter typically lasts only 4-6
weeks (Anderson and Swift 1983, Stevenson 1986).
Nutrient immobilization by soil microbes has important implications for understanding patterns of nutrient
cycling in forested ecosystems as well. In experimental
studies it has been shown that decomposing leaves and
twigs will immobilize nitrogen and other nutrients (e.g.,
Bocock 1964, Gosz et al. 1973, Aber and Melillo 1982)
and microbes have recently been shown to be important
for retaining nutrients in temperate forests during spring
melt (Zak et al. 1990, Groffman et al. 1993). In many
forested ecosystems, microbial biomass immobilizes
much more added nitrogen than does plant uptake (Vitousek and Matson 1984, Schimel and Firestone 1989, Preston et al. 1990, Zak et al. 1990, Groffman et al. 1993).
Adding sugar or sawdust to soils has been used to stimulate the growth of microbes to reduce nitrogen availability to forest trees (e.g., Turnerand Olson 1976). For wet
tropical forests, Lodge (1993) has recently argued that the
tendency for populations of fungal decomposers to wax
and wane in response to changes in soil moisture causes
fluctuations in nutrient mineralization and immobilization and prevents the system from reaching a steady state.
In forested ecosystems, emphasis has sometimes been
given to deposition and decomposition of green leaf material, particularly following disturbances such as treefalls (Vitousek and Denslow 1986) and hurricanes
(Lodge et al. 1991, Whigham et al. 1991). Because the
relatively high nutrient content of green litter should
result in a shorter period of nutrient immobilization as
compared to normal litter, green litter produced by disturbance was predicted to be an important source of
nutrients early during recovery from disturbance.
Less well appreciated in the nutrient dynamics of forested ecosystems is the decomposition of coarse woody
debris (Anderson and Swift 1983, Harmon et al. 1986).
Typically of low quality and often quite abundant in
forested ecosystems (Harmon et al. 1986), decomposing
wood should have a large impact on patterns of nutrient
availability. Decomposing logs often increase in nutrient
content during decomposition (Harmon et al. 1986), suggesting nutrient immobilization in decaying wood is
common. Potential sources of nutrients in decomposing
wood include rainfall and throughfall, nitrogen fixation
(Harmon et al. 1986), and translocation of nutrients from
soil and litter to decomposing wood by cord-forming
decomposer fungi (Wells et al. 1990). Depending on the
size and intensity of a disturbance,coarse wood is often a
dominant component of the resulting debris and might be
expected to govern subsequent nutrient dynamics. For
OIKOS 72:3 (1995)

example, following a hurricane in the Yucatan Peninsula
of Mexico, almost 70% of debris was coarse wood >1 cm
in diameter in contrast to a typical nonhurricane year in
which 90% of litter was leaf material (Whigham et al.
1991). Even in less severe disturbances, such as local
tree- or branchfall, the decomposing woody debris can be
expected to have a strong effect on nutrientavailability in
the area of the disturbance because of its great mass and
low nutrient concentration (Anderson and Swift 1983).
The importance of decomposing woody debris becomes
greater when it is realized that its decomposition, and
related effects on nutrientavailability, can potentially last
for decades (Harmon et al. 1986).
We studied soil nitrogen availability and components
of forest productivity for over three yr in a Puerto Rican
wet forest that was severely disturbedby HurricaneHugo
in September 1989. Comparison of the effects of removal
of hurricane-generateddebris and regular nutrient additions to unmanipulated forest plots indicated that hurricane-generated debris depressed nitrogen availability and
caused a reduction in forest productivity following the
hurricane. Using CENTURY, a linked decompositionproduction model (Parton et al. 1987, 1988) parameterized for our site (Sanford et al. 1991), we show that the
effects were very likely the result of nitrogen immobilization during decomposition of woody debris. We use
the model to furtherpredict that the effects of decomposing woody debris will influence forest biomass for almost
30 yr following the hurricane. We conclude that, in a
long-term perspective, pulses of woody debris produced
by hurricane disturbance governs the tempo of nutrient
cycling in our forests and, depending on disturbance
regime, should have similar and dramaticeffects on nutrient cycling in other forested ecosystems.

Material and methods
Studysite
We studied subtropical wet forest (Ewel and Whitmore
1973) at elevations between 340 and 460 m elevation in
the Luquillo Experimental Forest in eastern Puerto Rico
(18?20'N, 65?49'W). Our sites were on the northwest
flank of Luquillo Mountains in an area marked by deeply
dissected drainages and steep northeast and southwest
facing slopes. At the nearby El Verde Field Station,
annual precipitation is approximately 350 cm per year
(Brown et al. 1983) with rainfall distributed more or less
evenly throughout the year. Soils of the area are a complex of upland Ultisols and Oxisols (Zarzal-Cristalcomplex; Huffacker 1994) and are mostly well-drained silty
clay loams. Locally, the vegetation is referred to as tabonuco forest after the dominant tree species Dacryodes
excelsa Vahl. Additional common species include Manilkara bidentata (A.DC.) A. Cher., Sloanea berteriana
Choisy, Prestoea montana (R. Grah.) Nichols, and Cecropia schreberiana Miq.
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Field studies
In June of 1989, we established four blocks of five plots,
placing the plots along ridges to avoid exchange of nutrients in water flow among plots. Each plot was 20 x 20 m
with an interior 10 x 10 m measurement plot. The center
of HurricaneHugo passed within 15 km of our site on 18
September 1989 (Walker et al. 1992), generating winds
from the north and northwest which, near the path of the
hurricane, were in excess of 200 km/h (Scatena and
Larsen 1991). Using non-destructive methods, it was estimated that the hurricane removed 99% of leaf biomass,
70% of fine branches (<5 cm diameter), and 35% of
coarse wood, depositing them on the forest floor (Sanford
et al. 1991, Walker 1991). In addition, the storm and
subsequent drought caused fine root biomass in the upper
10 cm of soil to decline to zero during a three-month
period following the storm (Parrottaand Lodge 1991, see
also Silver and Vogt 1993).
Originally, the experimental design was meant to accommodate a factorial fertilization study, but this was
abandoned after the hurricane. After the hurricane, one
plot from each block was randomly selected for each of
three treatments: one-time removal of litter and woody
debris; quarterly nutrient amendments; or an unmanipulated control. Debris removal included standing stocks
present before the hurricane and was completed within
one month of the hurricane. Inorganic fertilization treatments were applied every three months throughout the
study at the following rate: 30 g N, 10 g P, 10 g K, 1.9 g
Mg, 2.5 g Mn, 2.6 g Zn, 1.5 g Cu, 0.2 g Fe, and 0.8 g B
m-2 yr'. Nitrogen was added as both ammonium nitrate
and urea at a rate approximately 3 times the normal
amount of N added annually as litterfall (Lodge et al.
1991). Additional details on the species composition and
hurricanedamage received by these plots are described in
Parrotta and Lodge (1991) and Walker (1991).
During one fertilization treatment(March 1991), fertilizer was mistakenly placed on all treatment plots in two
of the four blocks. Fertilizer was applied at 1.33 the
normal rate to the interior 10 x 10 m measurement plots.
This one time error damaged some small seedlings as
normally observed following fertilization (S. GuzmanGrajales, pers. obs.), but otherwise had no apparentlongterm effects on the understory. Subsequent to the error
there were no significant differences in leaf litter production (collection method described below) between affected and unaffected blocks (J. K. Zimmerman, pers.
obs.). Beginning in October 1991 additional control plots
in the affected blocks, randomly selected from among
those remaining from the original experimental design,
were monitored for leaf litter production. These data also
showed that there was no detectable effect of one-time
fertilization on leaf litter production (J. K. Zimmerman,
pers. obs., methods described below). These results are
available from the senior author upon request.
Soil samples were collected from each plot twice in
1990. Soil samples, four replicates per plot, were col316

lected using 8.5 cm diameter plastic cores driven to a
10-cm soil depth. Soil samples were immediately sieved
(5 mm and then a 2 mm mesh) and extracted with 2N KCl
for 1 h on a wrist-action shaker. Ammonium and nitrate
concentrations in extracts were determined spectrophotometrically using the phenate and cadmium reduction
methods, respectively (Technicon 1985). Some soil extracts were misplaced during processing such that data
were not recovered for all plots. However, there was at
least one replicate plot per treatment.
In tabonuco forest, leaf litterfall accounts for 47% of
aboveground net primaryproductivity (NPP; Weaver and
Murphy 1990) and was considered to be a sensitive indicator of short-term ch'anges in NPP, therefore we present data on the production of leaf litter only. Litter
production was monitored in litter baskets (10 per plot,
1.6 m2 total surface area) randomly placed in each 10 x
10 m inner measurement plot beginning in March 1990.
Litter was collected fortnightly, dried at 60?C, sorted, and
weighed.
Leaf area index (LAI) was measured in each inner
treatmentplot in July August 1991 and May - June 1993.
LAI was measured using a LI-COR LI-2000 Plant Canopy Analyzer at 30 randomly selected locations in each
plot.
Analysis of variance for treatment and block effects
(ANOVA) were performed using the general linear models procedure of SAS (SAS 1987) on plot means. Soils
and LAI data collected on different dates were analyzed
separately. ANOVA's on extractable soil N were consistent with respect to the occurrence of missing data (SAS
1987; i.e., there was at least one replicate per treatment).
Comparison of means was conducted using the REGWF
procedure (SAS 1987) when means had identical sample
sizes (LAI) and the Tukey-Freemanprocedure when there
were unequal sample sizes (extractable soil N). Data on
mean leaf litter production per plot per quarter were
analyzed using repeated measures ANOVA and analyzed
separately for the years 1990, 1991, and 1992.

Modelling
We used the CENTURY model (Partonet al. 1987, 1988,
Sanford et al. 1991) to simulate forest responses to hurricane damage and litter inputs. CENTURY simulates
flows and standing stocks of C, N, and P among biomass,
litter, woody debris, and soil organic matter (SOM)
pools. We used the version of CENTURY for tabonuco
forest described by Sanford et al. (1991) with several
small modifications (all model parameters are provided
in Appendix): litter decomposition controls were calibrated against field measurements of C and N mass loss
of leaf litter (La Caro and Rudd 1985, Bloomfield et al.
1993, X. Zou, R. Waide, and C. Zucca, unpubl.); initial
leaf litter C/P ratio was adjusted to 700 (X. Zou et al.,
unpubl.); and biomass allocation was adjusted to better
reflect observed patterns (Odum and Pigeon 1970). In
OIKOS 72:3 (1995)

Additional CENTURY simulations were designed to
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one, the actual estimated biomass of each component was
NH4
returnedto the forest floor. In a second set of simulations,
Sept. 1990
May 1990
each component was returnedat the same mass of 300 g
Fig. 1. Comparisonsof ammoniumandnitirateavailability(KC1 m-2. The combined effect of all components together was
extractions)in soils collected(to a depthoff 10 cm) fromeachof achieved by returningeach at a mass of 100 g (for a total
threeplot treatmentsin PuertoRicansubtrepical wet forestson of 300 g m
two datesin 1990. Means+ 1 SE (N = 1-4 replicates).Signif- of 300 m-2)
icance levels are *: P<0.05; **: P<0.01.
Long-term CENTURY simulations (1989-2039) of the
effect of debris removal on forest productivity and biomass following hurricane damage were also conducted.
CENTURY, simulated rates and patterns of leaf and fine These simulations utilized the mean El Verde climate for
root litter decomposition are controlled by initial lignin
1976 - 1992 (Luquillo LTER Program, unpubl.).
and N content (Vitousek et al. 1994).
Woody debris decomposes in CENTURY by a simple
exponential model modified by temperatureand moisture
controls (Sanford et al. 1991). The effective mean decay Results
rate was 0.5 yr-I for small aboveground wood and 0.1 yr-l Field studies
for large wood. The latter is not much different from a
In May 1990, soil extractable ammonium and nitrate
decomposition rate of 10.9% yr1 measured at El Verde
over a 2-yr period using stumps of four freshly cut tree concentrations were low but with a significant trend towards higher nitrate availability in the control plots (P =
species representing the range of wood densities at the
site (Odum 1970). As wood in the model decomposes, N 0.026; Fig. 1). Treatmentdifferences for ammonium were
is immobilized from available pools in order to bring the not significant (P = 0.36). In September 1990, soil nitrate
C/N ratio down to that of newly formed microbial bio- availability remained low and their were no significant
mass and soil organic matter (SOM). Thus, in the model, treatment effects (P = 0.773). However, extractable amthe N which is immobilized by decomposing woody monium was much higher and was significantly greater
debris is not available for plant growth until it is later in debris removal and fertilizer plots than in control plots
(P = 0.008).
remineralized by decomposition of SOM.
Leaf litterfall in 1990 (Fig. 2) was much reduced from
CENTURY simulations of forest responses to hurricane damage between September 1989 and December
1992 were conducted to ascertain the effects of hurricaneO CONTROL
2.5
generated debris on nutrient availability and forest proL FERTILIZATION
duction and to directly complement the results of debris
* DEBRISREMOVAL
(v
removal in field studies. A simulated hurricane trans- C<
2.0
4_
ferred 99% of leaves and fine roots, 70% of fine
branches, and 35% of large wood (large branches and tree Li i 01.5
IE
boles) to necromass, based on measured hurricaneeffects
in our plots (Parrotta and Lodge 1991, Walker 1991).
0) 1.0 _
4
Loss of coarse roots was not measured in any study and _J
0.5
was estimated to be 35%, same as that for coarse wood
(Sanford et al. 1991). In control simulations all hurricane0.0
generated debris remained within the forest; in removals,
1990
1991
1992
all hurricane debris and preexisting woody debris were
removed. Belowground debris remained within the system in all simulations. Simulations were driven by ob- Fig. 2. Comparisonsof leaf litterproductionin controlplots,in
fertilizedplots,andin plotsin whichhurricane-generserved climate at El Verde for 1989-1993 (Luquillo regularly
ateddebriswas removedfollowingHurricaneHugo.Littercollectionsbegansix monthsafterthe hurricane(September1989).
Long-Term Ecological Research Program, unpubl.).
_
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Table 1. Mean leaf area index (? SE; N = 4) in forest plot
treatmentsmeasuredJuly- August1991andApril- June1993.
Meanswith same letterwere not significantlydifferentat P <
0.05.
Treatment
Control
Fertilization
Litterremoval

1991

1993

3.45A (0.49)
4.29B (0.17)
4.56B (0.32)

4.74B (0.18)

3.96A (0.56)
4.98B (0.28)

measured rates at El Verde (1.4 g m-2 d-~; measured >30
yr post-hurricane, Wiegert 1970) with little apparentdifference among treatments (P = 0.097). Leaf litter production increased in 1991 in all treatments and resumed its
normal seasonal cycle (Wiegert 1970). Treatment differences were significant in both 1991 (P = 0.034) and 1992
(P = 0.023), with leaf litter production increasing as:
control < debris removal < fertilization. In August 1991
leaf area index (LAI) in debris removal and fertilized
plots was significantly elevated compared to control plots
(Table 1; P = 0.016). An a posteriori comparison of
means indicated that debris removal and fertilization
plots were statistically indistinguishable but significantly
greater than control plots (P <0.05). Similar results were
obtained in 1993 (Table 1) and differences among means
were again significant (P = 0.035).

productivity (NPP) by hurricane-generated litter and
woody debris is influenced most strongly by decomposition of coarse wood. The mass of hurricane debris inputs
is dominated by large wood (Table 2A). When equal
masses of individual components were returned to the
model system (Table 2B), leaves increased simulated
NPP slightly, while small branches depressed production
more than did coarse wood. However, because the actual
mass of coarse wood inputs is so much greater than that
of the small wood, the large wood component was predominately responsible for the suppression of post-hurricane NPP in the model.
Long-term simulations suggest that suppression of forest NPP by hurricane-generatedwoody debris will have a
prolonged effect. After 13 yr NPP becomes lower in
debris removal than control simulations (Fig. 4A), and
total forest biomass in control simulations exceeds removal simulations after 29 yr (Fig. 4B). These CEN-
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CENTURY model
Simulated live leaf biomass increased more rapidly following hurricanedamage when debris was removed from
the system than in control simulations (Fig. 3A). CENTURY predicted that removal plots would have 40%
greater leaf biomass than control plots at the end of 1992,
quite similar to observed differences in leaf litter production and LAI (Fig. 2, Table 1). In the model, available soil
N (ammonium and nitrate combined) was at times substantially higher in removal simulations than in controls
(Fig. 3B), a pattern reflected in field data (Fig. 1). Direct
comparison of model results and field measurements are
not possible because of differences in depth of soil represented by the two studies (20 vs 10 cm), but the amounts
of available N predicted by the model were less, overall,
than the amounts of extractable N measured in the field.
In CENTURY, simulated N-mineralization rates (Fig.
3C) were greater in the debris removal treatmentin comparison to the control simulations. Conversely, predicted
microbial C (not shown) and N (Fig. 3D) were elevated in
control vs removal simulations. Overall, the CENTURY
simulations indicated that there should be less nitrogen
capital in plant-available forms and more in microbial
biomass in the control treatments compared to the debris
removal treatments.
CENTURY simulations in which individual litter/
woody debris components were separately returnedto the
forest (Table 2) indicate that suppression of net primary
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Fig. 3. CENTURYmodel simulationsof forest responseto
hurricanedisturbance1989 - 1992. In controlsimulationsall
debris remainedwithin the forest; in rehurricane-generated
movals,all hurricanedebrisandpreexistingwoody debriswere
removed.Belowgrounddebrisremainedwithinthe systemin all
simulations.Simulationswere drivenby observedclimateat El
Verdefor 1989-1992:(A) leaf biomass;(B) nitrogenavailable
to plants in the soil to a depth of 20 cm; (C) the rate of
in soil (20 cm depth);and(D) nitrogenpresent
N-mineralization
in microbialfractionof SOM (20 cm depth).
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empirical observations and model results is dependent on
the mechanism(s) by which decaying woody debris, the
largest component of the hurricane debris, can immobilize nitrogen otherwise available for plant growth.
There are two potential mechanisms for woody debris
to bring about nitrogen immobilization at our site. First,
the addition of organic matterto the soil via wood decomsmall large combined position may stimulate immobilization of nitrogen by soil
leaf
none
Debris
microbial biomass. In CENTURY, woody debris enters
wood wood
component(s)
(< 5 cm) (> 5cm)
added
the soil with a relatively low N concentration (0.3%) and
is then transferred to microbial SOM pools with much
A. Componentsof hurricanedebrisaddedusing actual
higher concentrations (3-4%). This transfer results in net
(estimated)masses.
nutrient immobilization because N is removed from
397.7 360.1 2793.4 3554.2
0
Mass (g m-2)
available pools and added to decomposing litter and
NPP (gC m-2) 2262.4 2377.4 2075.6 1616.7 1493.1
woody debris to bring its nitrogen content up to that of
+115.0 -186.6 -645.7 -769.3
Difference
SOM. The decomposition rate used in the model, 10%
B. Debriscomponentsaddedusing constantamounts.
per year, is similar to the relevant early decay rate value
300.0 300.0 300.0 300.0'
0
Mass (g m-2)
measured by Odum (1970), indicating a high potential for
NPP (gC m-2) 2262.4 2346.3 2169.9 2226.1 2244.2
-18.2
+83.9 -92.8
-36.3
Difference

Table 2. Results of CENTURYmodel simulationsto show
predictedeffects of individualhurricanelitter componentson
forest NPP expressedas three-yrtotal (1990 - 1992). In each
simulationsingle debriscomponentswere returnedto the system; all otherdebriswas removed.Simulationswith no litter
added("none")is equivalentto debrisremovaltreatmentand
"combined"refersto controlsituation.Differenceis NPP relative to debrisremovaltreatment("none").
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Discussion
Microbial immobilization of plant-available nutrients
during decomposition of low quality litter, and its shortterm negative effects on plant productivity, is a well
established phenomenon in agricultural soils (Stevenson
1986). Our results indicate that woody debris can also
have dramatic but more prolonged effects on production
in forested ecosystems. Removal of hurricane-generated
debris from forest plots increased above-ground forest
productivity by up to 40% during three yr following the
hurricane.These increases in productivity were almost as
great as those observed in plots subject to repeated fertilization with inorganic nutrients. While this study demonstrates large effects of the forest plot treatmentson aboveground productivity, there have been no detectable effects of the treatmentson the biomass of live fine (<3 mm
diameter) roots (Parrotta and Lodge 1991, Parrotta,
Lodge, and Zimmerman, unpubl.).
In describing the tabonuco forest version of CENTURY, Sanford et al. (1991) predicted that the decomposition of hurricane-generateddebris would cause a suppression of forest productivity for a period of time following a hurricane. Our field studies have confirmed the
basic prediction that decomposition of hurricane-generated debris suppresses productivity and the model appears to mimic closely the actual magnitude of the effect
during the first three yr following hurricane damage.
However, assessing the validity of the match between
OIKOS 72:3 (1995)
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microbial immobilization of nitrogen via decaying
woody debris. Initially, much of the organic matter from
wood probably enters the soil as frass from wood-boring
insects (e.g., termites, MacMahon 1970, Torres 1994).
The second potential mechanism for nitrogen immobilization is translocationof nitrogen from soil and fine litter
into decaying wood by cord-forming fungi. These fungi
can translocate large quantities of nutrients (including
nitrogen) long distances between pieces of decaying
wood (Watkinson 1984, Thompson 1984) and, at least for
phosphorus, it has been shown that cord-forming fungi
will translocate nutrientsfrom soil into wood (Wells et al.
1990). This process is not explicitly represented in CENTURY, but would be included as an unresolved portion of
the general immobilization of N by decomposers during
decay of woody debris. Fungal mycelial cord systems and
high fungal biomass are common in soils near decaying
wood at El Verde (Lodge 1993), but tracer experiments
have not been conducted which demonstrate that the
fungi translocate significant amounts of nitrogen or other
nutrients into decomposing logs. In order for this mechanism to be important, it would require that the wood be
initially in contact with the soil and not be completely
suspended. While we have no detailed measurements of
this, our field observations indicate that much of the
coarse woody debris was in contact with the soil after the
storm. By the second and third years after the storm
initial decomposition had caused some suspended logs
and most of the small woody debris to fall to the forest
floor.
Decaying wood may immobilize some nitrogen directly from rainfall, but inputs of nitrogen in precipitation
are rather small at El Verde (0.21 g m-2 yr-1; McDowell
et al. 1990). There is a large potential for input of nitrogen in throughfall via N-fixation by epiphylls (Edmisten
1970), which could be intercepted by fallen logs on the
forest floor, but the biomass of epiphylls should have
been severely reduced for several years following the
defoliation caused by the hurricane. Thus we do not feel
that fluxes of nitrogen in precipitation and throughfall
during this study represent an important source of nitrogen for fallen logs following the hurricane. Again, this
process is not explicitly simulated in CENTURY. In the
model, N input with precipitation is not separated from
that derived from decomposition, and both will be
equally available for uptake by microbes or vegetation.
Some studies have emphasized the large amount of
green leaf litter on the forest floor following hurricanes
and the implications of this for subsequent nutrient cycling (Lodge et al. 1991, Steudler et al. 1991, Whigham et
al. 1991). By showing that a greater than normal annual
amount of litter nutrients are deposited on the forest floor
in a single day, these studies proposed that subsequent
leaf litter decomposition should have strong effects on
patterns of soil nutrient availability, trace gas emissions,
and fluxes of nutrients into forest streams. In the short
term (2-6 months) this is undoubtedly true. Using CENTURY, we have resolved the potential effects of the
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individual debris components on productivity and the
model indicated that the deposition of leaves alone
should fertilize the system slightly. However, because
hurricane-generated debris is predominately coarse
wood, its decomposition should have a strong negative
effect on long-term nutrient availability. In contrast to
agricultural systems where nutrient immobilization has
transient effects on net primaryproductivity, CENTURY
predicts that wood decomposition can be expected to
suppress forest productivity at El Verde for well over a
decade.
While a severe hurricane unquestionably represents an
extreme case of coarse wood deposition among forested
ecosystems (Foster 1988, Foster and Boose 1992, Harmon et al. 1994), we believe that the relationships we
have demonstrated for this wet tropical forest site has
important implications for understandingpatterns of nutrient cycling and productivity in many forested ecosystems. Windstorms, fire, and pest and disease outbreaks
are common in most forests (Harmon et al. 1986) and
cause large sudden inputs of dead wood to the forest
floor. Similarly, slash left over from logging operations
can be substantial (Matson and Vitousek 1981). In temperate forests, 2-25% of the soil surface is covered by
decomposing wood (Harmonet al. 1986). The occurrence
of woody debris in tropical forests is less well studied,
but in one wet tropical forest 13-23% of aboveground
organic matter, nitrogen, and phosphorus were located in
fallen logs (Greenland and Kowal 1960; also see Harmon
et al. 1994). The potential for woody debris to regulate
nutrient cycling and productivity in forested ecosystems
is thus great.
The spatial and temporal pattern of nutrient immobilization associated with decomposing wood should be
strongly tied to disturbance regimes (Waide and Lugo
1992). Large-scale intense disturbances, such as hurricanes, should result in system-wide modulation of forest
productivity. At our Puerto Rican site, major hurricanes
occur on average every 60 yr (Scatena and Larsen 1991).
We estimated, using the CENTURY model, that the effects of wood decomposition and accompanying nutrient
immobilization on live biomass should persist through
much of the interstorm interval. Where disturbances are
limited to isolated treefalls, the effects should be correspondingly patchy (Anderson and Swift 1983). Here, the
spatial pattern of forest soil nutrient availability is expected to be a palimpsest (a parchment that has been
partially erased and written upon many times; Hubbell
1979) of past disturbanceevents, recording the deposition
and decomposition of woody debris for many years. Vitousek and Denslow (1986) tested this idea at a lowland
forest site in Costa Rica using uprooted trees 2 months to
2 yr after the trees had fallen. While the predominant
effect was that of the root throw zone, where the exposed
subsoil has much lower nitrogen and phosphorus availability than other microsites, the amounts of nitrogen in
microbial biomass were consistently greater in the crown
zones of each of nine treefalls than in the adjacent forest
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Appendix
Parametervalues used for CENTURYmodel simulations.See
Sanfordet al. (1991) for furtherdetailson model structure.A.
Initialsoil organicmatter(SOM)and detrituspools.
Pool

Active SOM, surface
Active SOM, soil
Slow SOM
PassiveSOM
Leaf litter
Fine root litter
Fine branchlitter
Largewoody debris
Dead coarseroots

C (g m-2)

C/N

C/P

30
100
2500
4000
92
130
220
2200
1200

12
13
16
8
100
100
84
155
155

150
110
320
114
1100
1100
1366
2260
2478

B. Live biomassinitialpools and chemistry.
Component
Leaves
Fine branches
Largewood
Coarseroots
Fine roots

C (g m-2)

C/N

C/P

Lignin

375
500
7500
2700
450

40
84
155
155
76

700
1366
2260
2478
765

15
35
35
35
35

C. Allocationand turnover.
Component

NPP allocation
(%)

Turnover
(% month-')

34
11
22
8
25

4.0
1.0
0.1
0.2
3.0

OIKOS 72:3 (1995)

