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Nitrogen immobilization by 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 

Zimmerman, J. K., Pulliam, W. M., Lodge, D. J., Quifiones-Orfila, V., Fetcher, N., 
Guzmdn-Grajales, S., Parrotta, J. A., Asbury, C. E., Walker, L. R. and Waide, R. B. 
1995. Nitrogen immobilization by decomposing woody debris and the recovery of 
tropical wet forest from hurricane damage. - Oikos 72: 314-322. 

Following damage caused by Hurricane Hugo (September 1989) we monitored inorga- 
nic nitrogen availability in soil twice in 1990, leaf area index in 1991 and 1993, and 
litter production from 1990 through 1992 in subtropical wet forest of eastern Puerto 
Rico. Experimental removal of litter and woody debris generated by the hurricane (plus 
any standing stocks present before the hurricane) increased soil nitrogen availability 
and above-ground productivity by as much as 40% compared to unmanipulated control 
plots. These increases were similar to those created by quarterly fertilization with 
inorganic nutrients. Approximately 85% of hurricane-generated debris was woody 
debris >5 cm diameter. Thus, it appeared that woody debris stimulated nutrient 
immobilization, resulting in depression of soil nitrogen availability and productivity in 
control plots. This was further suggested by simulations of an ecosystem model 
(CENTURY) calibrated for our site that indicated that only the large wood component 
of hurricane-generated debris was of sufficiently low quality and of great enough mass 
to cause the observed effects on productivity. The model predicted that nutrient 
immobilization by decaying wood should suppress net primary productivity for 13 yr 
and total live biomass for almost 30 yr following the hurricane. Our findings emphasize 
the substantial influence that woody debris has upon nutrient cycling and productivity 
in forest ecosystems through its effects on the activity of decomposers. We suggest that 
the manner in which woody debris regulates ecosystem function in different forests is 
significantly affected by disturbance regime. 

J. K. Zimmerman, D. J. Lodge, J. A. Parrotta and R. B. Waide, Terrestrial Ecology 
Div., Univ. of Puerto Rico, San Juan, PR 00936, USA (present address of DJL: USDA 
Forest Serv., Center for Forest Mycology Research, Forest Products Lab, Palmer, PR 
00721, USA; present address of JAP: International Inst. of Tropical Forestry, USDA 
Forest Serv., Rio Pedras, PR 00928, USA). - W. M. Pulliam, Natural Resource Ecology 
Lab, Colorado State Univ., Fort Collins, CO 80523, USA. - V. Quinones-Orfila, N. 
Fetcher, S. Guzman-Grajales and L. R. Walker, Dept of Biology, Univ. of Puerto Rico, 
Rio Pedras, Pr 00931, USA (present address of SGG: Dept of Ecology, Evolution, and 
Organismal Biology, Tulane Univ., New Orleans, LA 70118, USA; present address of 
LRW: Dept of Biological Sciences, Univ. of Nevada, Las Vegas, NV, USA). 

Large inputs of litter with low nutrient contents are com- because microbes decomposing poor quality litter must 
monly known to temporarily limit production in agricul- draw upon plant-available forms of nitrogen in the soil in 
tural systems because of nutrient immobilization by mi- order to raise the nitrogen content of the decomposing 
crobial decomposers (Stevenson 1986). This effect, well material to that of their own biomass. As decomposition 
described by the 1930's (Paul and Juma 1981), occurs proceeds, the decomposing material becomes exhausted, 

Accepted 9 September 1994 

Copyright ? OIKOS 1995 
ISSN 0030-1299 
Printed in Denmark - all rights reserved 

314 OIKOS 72:3 (1995) 



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 decom- 
position of low quality litter typically lasts only 4-6 
weeks (Anderson and Swift 1983, Stevenson 1986). 

Nutrient immobilization by soil microbes has impor- 
tant 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 (Vitou- 
sek and Matson 1984, Schimel and Firestone 1989, Pres- 
ton et al. 1990, Zak et al. 1990, Groffman et al. 1993). 
Adding sugar or sawdust to soils has been used to stim- 
ulate the growth of microbes to reduce nitrogen availabil- 
ity to forest trees (e.g., Turner and 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 immobiliza- 
tion and prevents the system from reaching a steady state. 

In forested ecosystems, emphasis has sometimes been 
given to deposition and decomposition of green leaf ma- 
terial, particularly following disturbances such as tree- 
falls (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 dis- 
turbance was predicted to be an important source of 
nutrients early during recovery from disturbance. 

Less well appreciated in the nutrient dynamics of for- 
ested 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), sug- 
gesting 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 

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 nutrient availability 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 nutrient availability, 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 disturbed by Hurricane Hugo 
in September 1989. Comparison of the effects of removal 
of hurricane-generated debris and regular nutrient addi- 
tions to unmanipulated forest plots indicated that hurri- 
cane-generated debris depressed nitrogen availability and 
caused a reduction in forest productivity following the 
hurricane. Using CENTURY, a linked decomposition- 
production model (Parton et al. 1987, 1988) parameter- 
ized for our site (Sanford et al. 1991), we show that the 
effects were very likely the result of nitrogen immobil- 
ization during decomposition of woody debris. We use 
the model to further predict that the effects of decompos- 
ing 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 dramatic effects on nutri- 
ent cycling in other forested ecosystems. 

Material and methods 
Study site 
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 com- 
plex of upland Ultisols and Oxisols (Zarzal-Cristal com- 
plex; Huffacker 1994) and are mostly well-drained silty 
clay loams. Locally, the vegetation is referred to as tabo- 
nuco forest after the dominant tree species Dacryodes 
excelsa Vahl. Additional common species include Ma- 
nilkara bidentata (A.DC.) A. Cher., Sloanea berteriana 
Choisy, Prestoea montana (R. Grah.) Nichols, and Ce- 
cropia 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 nutri- 
ents in water flow among plots. Each plot was 20 x 20 m 
with an interior 10 x 10 m measurement plot. The center 
of Hurricane Hugo 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 esti- 
mated 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 (Parrotta and Lodge 1991, see 
also Silver and Vogt 1993). 

Originally, the experimental design was meant to ac- 
commodate 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 unmanip- 
ulated control. Debris removal included standing stocks 
present before the hurricane and was completed within 
one month of the hurricane. Inorganic fertilization treat- 
ments 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 
hurricane damage received by these plots are described in 
Parrotta and Lodge (1991) and Walker (1991). 

During one fertilization treatment (March 1991), fertil- 
izer 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. Guzman- 
Grajales, pers. obs.), but otherwise had no apparent long- 
term effects on the understory. Subsequent to the error 
there were no significant differences in leaf litter produc- 
tion (collection method described below) between af- 
fected 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 col- 

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 spectrophoto- 
metrically using the phenate and cadmium reduction 
methods, respectively (Technicon 1985). Some soil ex- 
tracts 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 primary productivity (NPP; Weaver and 
Murphy 1990) and was considered to be a sensitive in- 
dicator of short-term ch'anges in NPP, therefore we pre- 
sent 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 
treatment plot in July August 1991 and May - June 1993. 
LAI was measured using a LI-COR LI-2000 Plant Ca- 
nopy Analyzer at 30 randomly selected locations in each 
plot. 

Analysis of variance for treatment and block effects 
(ANOVA) were performed using the general linear mod- 
els 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 consis- 
tent 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-Freeman procedure 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 (Parton et al. 1987, 1988, 
Sanford et al. 1991) to simulate forest responses to hurri- 
cane 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 cali- 
brated 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 
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Additional CENTURY simulations were designed to 
~* ~* Tisolate the potential effects of particular components of 

hurricane debris on forest productivity during 1989 
through 1992. In these simulations, either leaves, fine 
branches, or coarse wood were returned separately to the 
forest floor after a simulated hurricane and the remaining 
components were removed from the system. These sim- 
ulations were compared to ones in which, as done previ- 
ously, none or all of the debris components were removed 
following the hurricane. To differentiate between the ef- 
fects of the quantity and quality of debris components, 

- I two additional sets of simulations were conducted. In 
NH4 NO3 one, the actual estimated biomass of each component was 

Sept. 1990 returned to the forest floor. In a second set of simulations, 
each component was returned at the same mass of 300 g 

rate availability (KC1 m-2. The combined effect of all components together was 
f 10 cm) from each of achieved by returning each at a mass of 100 g (for a total 
epical wet forests on of 300 g m 
4 replicates). Signif- of 300 m-2) 

Long-term CENTURY simulations (1989-2039) of the 
effect of debris removal on forest productivity and bio- 
mass following hurricane damage were also conducted. 

CENTURY, simulated rates and patterns of leaf and fine 
root litter decomposition are controlled by initial lignin 
and N content (Vitousek et al. 1994). 

Woody debris decomposes in CENTURY by a simple 
exponential model modified by temperature and moisture 
controls (Sanford et al. 1991). The effective mean decay 
rate was 0.5 yr-I for small aboveground wood and 0.1 yr-l 
for large wood. The latter is not much different from a 
decomposition rate of 10.9% yr1 measured at El Verde 
over a 2-yr period using stumps of four freshly cut tree 
species representing the range of wood densities at the 
site (Odum 1970). As wood in the model decomposes, N 
is immobilized from available pools in order to bring the 
C/N ratio down to that of newly formed microbial bio- 
mass and soil organic matter (SOM). Thus, in the model, 
the N which is immobilized by decomposing woody 
debris is not available for plant growth until it is later 
remineralized by decomposition of SOM. 

CENTURY simulations of forest responses to hurri- 
cane damage between September 1989 and December 
1992 were conducted to ascertain the effects of hurricane- 
generated debris on nutrient availability and forest pro- 
duction and to directly complement the results of debris 
removal in field studies. A simulated hurricane trans- 
ferred 99% of leaves and fine roots, 70% of fine 
branches, and 35% of large wood (large branches and tree 
boles) to necromass, based on measured hurricane effects 
in our plots (Parrotta and Lodge 1991, Walker 1991). 
Loss of coarse roots was not measured in any study and 
was estimated to be 35%, same as that for coarse wood 
(Sanford et al. 1991). In control simulations all hurricane- 
generated debris remained within the forest; in removals, 
all hurricane debris and preexisting woody debris were 
removed. Belowground debris remained within the sys- 
tem in all simulations. Simulations were driven by ob- 
served climate at El Verde for 1989-1993 (Luquillo 
Long-Term Ecological Research Program, unpubl.). 

These simulations utilized the mean El Verde climate for 
1976 - 1992 (Luquillo LTER Program, unpubl.). 

Results 
Field studies 

In May 1990, soil extractable ammonium and nitrate 
concentrations were low but with a significant trend to- 
wards higher nitrate availability in the control plots (P = 
0.026; Fig. 1). Treatment differences for ammonium were 
not significant (P = 0.36). In September 1990, soil nitrate 
availability remained low and their were no significant 
treatment effects (P = 0.773). However, extractable am- 
monium was much higher and was significantly greater 
in debris removal and fertilizer plots than in control plots 
(P = 0.008). 

Leaf litterfall in 1990 (Fig. 2) was much reduced from 
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Fig. 2. Comparisons of leaf litter production in control plots, in 
regularly fertilized plots, and in plots in which hurricane-gener- 
ated debris was removed following Hurricane Hugo. Litter col- 
lections began six months after the hurricane (September 1989). 
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Table 1. Mean leaf area index (? SE; N = 4) in forest plot 
treatments measured July - August 1991 and April - June 1993. 
Means with same letter were not significantly different at P < 
0.05. 

Treatment 1991 1993 

Control 
Fertilization 
Litter removal 

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

3.96A (0.56) 
4.74B (0.18) 
4.98B (0.28) 

measured rates at El Verde (1.4 g m-2 d-~; measured >30 

yr post-hurricane, Wiegert 1970) with little apparent dif- 
ference among treatments (P = 0.097). Leaf litter produc- 
tion increased in 1991 in all treatments and resumed its 
normal seasonal cycle (Wiegert 1970). Treatment differ- 
ences 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). 

CENTURY model 

Simulated live leaf biomass increased more rapidly fol- 
lowing hurricane damage when debris was removed from 
the system than in control simulations (Fig. 3A). CEN- 
TURY 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 produc- 
tion and LAI (Fig. 2, Table 1). In the model, available soil 
N (ammonium and nitrate combined) was at times sub- 
stantially 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 repre- 
sented 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 treatment in com- 
parison 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 returned to the 
forest (Table 2) indicate that suppression of net primary 

productivity (NPP) by hurricane-generated litter and 
woody debris is influenced most strongly by decomposi- 
tion 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 pre- 
dominately responsible for the suppression of post-hurri- 
cane NPP in the model. 

Long-term simulations suggest that suppression of for- 
est NPP by hurricane-generated woody 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 re- 
moval simulations after 29 yr (Fig. 4B). These CEN- 
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Fig. 3. CENTURY model simulations of forest response to 
hurricane disturbance 1989 - 1992. In control simulations all 
hurricane-generated debris remained within the forest; in re- 
movals, all hurricane debris and preexisting woody debris were 
removed. Belowground debris remained within the system in all 
simulations. Simulations were driven by observed climate at El 
Verde for 1989-1992: (A) leaf biomass; (B) nitrogen available 
to plants in the soil to a depth of 20 cm; (C) the rate of 
N-mineralization in soil (20 cm depth); and (D) nitrogen present 
in microbial fraction of SOM (20 cm depth). 
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Table 2. Results of CENTURY model simulations to show 
predicted effects of individual hurricane litter components on 
forest NPP expressed as three-yr total (1990 - 1992). In each 
simulation single debris components were returned to the sys- 
tem; all other debris was removed. Simulations with no litter 
added ("none") is equivalent to debris removal treatment and 
"combined" refers to control situation. Difference is NPP rela- 
tive to debris removal treatment ("none"). 

Debris none leaf small large combined 
component(s) wood wood 
added (< 5 cm) (> 5cm) 

A. Components of hurricane debris added using actual 
(estimated) masses. 
Mass (g m-2) 0 397.7 360.1 2793.4 3554.2 
NPP (gC m-2) 2262.4 2377.4 2075.6 1616.7 1493.1 
Difference - +115.0 -186.6 -645.7 -769.3 

B. Debris components added using constant amounts. 
Mass (g m-2) 0 300.0 300.0 300.0 300.0' 
NPP (gC m-2) 2262.4 2346.3 2169.9 2226.1 2244.2 
Difference - +83.9 -92.8 -36.3 -18.2 

'100 g m-2 of each component. 

empirical observations and model results is dependent on 
the mechanism(s) by which decaying woody debris, the 

largest component of the hurricane debris, can immobi- 
lize 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 matter to the soil via wood decom- 

position may stimulate immobilization of nitrogen by soil 
microbial biomass. In CENTURY, woody debris enters 
the soil with a relatively low N concentration (0.3%) and 
is then transferred to microbial SOM pools with much 

higher concentrations (3-4%). This transfer results in net 
nutrient immobilization because N is removed from 
available pools and added to decomposing litter and 

woody debris to bring its nitrogen content up to that of 
SOM. The decomposition rate used in the model, 10% 

per year, is similar to the relevant early decay rate value 
measured by Odum (1970), indicating a high potential for 

650- 

TURY simulations indicate that nutrients immobilized in 
wood early in decomposition should be released to plant- 
available pools during subsequent decades. 

Discussion 
Microbial immobilization of plant-available nutrients 
during decomposition of low quality litter, and its short- 
term 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 fertil- 
ization with inorganic nutrients. While this study demon- 
strates large effects of the forest plot treatments on above- 
ground productivity, there have been no detectable ef- 
fects of the treatments on 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 CEN- 
TURY, Sanford et al. (1991) predicted that the decompo- 
sition of hurricane-generated debris would cause a sup- 
pression of forest productivity for a period of time fol- 
lowing a hurricane. Our field studies have confirmed the 
basic prediction that decomposition of hurricane-gener- 
ated debris suppresses productivity and the model ap- 
pears 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 
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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 immobil- 
ization is translocation of 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 nutrients from soil into wood (Wells et al. 
1990). This process is not explicitly represented in CEN- 
TURY, 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 mecha- 
nism 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 di- 
rectly 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 nitro- 
gen 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 nitro- 
gen 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 cy- 
cling (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 CEN- 
TURY, we have resolved the potential effects of the 

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 primary productivity, 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, Har- 
mon et al. 1994), we believe that the relationships we 
have demonstrated for this wet tropical forest site has 
important implications for understanding patterns of nu- 
trient cycling and productivity in many forested ecosys- 
tems. 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 tem- 
perate forests, 2-25% of the soil surface is covered by 
decomposing wood (Harmon et 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 immobil- 
ization associated with decomposing wood should be 
strongly tied to disturbance regimes (Waide and Lugo 
1992). Large-scale intense disturbances, such as hurri- 
canes, 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 ef- 
fects 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 corre- 
spondingly patchy (Anderson and Swift 1983). Here, the 
spatial pattern of forest soil nutrient availability is ex- 
pected to be a palimpsest (a parchment that has been 
partially erased and written upon many times; Hubbell 
1979) of past disturbance events, recording the deposition 
and decomposition of woody debris for many years. Vi- 
tousek 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 avail- 
ability 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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understory. More studies, in a variety of forested sites, 
are needed to confirm the idea that disturbance regime 
and the deposition and decomposition of coarse woody 
debris are critical factors regulating nutrient cycling in 
forested ecosystems. 
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Appendix 
Parameter values used for CENTURY model simulations. See 
Sanford et al. (1991) for further details on model structure. A. 
Initial soil organic matter (SOM) and detritus pools. 

Pool C (g m-2) C/N C/P 

Active SOM, surface 30 12 150 
Active SOM, soil 100 13 110 
Slow SOM 2500 16 320 
Passive SOM 4000 8 114 
Leaf litter 92 100 1100 
Fine root litter 130 100 1100 
Fine branch litter 220 84 1366 
Large woody debris 2200 155 2260 
Dead coarse roots 1200 155 2478 

B. Live biomass initial pools and chemistry. 

Component C (g m-2) C/N C/P Lignin 

Leaves 375 40 700 15 
Fine branches 500 84 1366 35 
Large wood 7500 155 2260 35 
Coarse roots 2700 155 2478 35 
Fine roots 450 76 765 35 

C. Allocation and turnover. 

Component NPP allocation Turnover 
(%) (% month-') 

Leaves 34 4.0 
Fine branches 11 1.0 
Large wood 22 0.1 
Coarse roots 8 0.2 
Fine roots 25 3.0 
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