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Abstract

Litter decomposition represents one of the largest annual fluxes of carbon (C) from

terrestrial ecosystems, particularly for tropical forests, which are generally characterized

by high net primary productivity and litter turnover. We used data from the Long-Term

Intersite Decomposition Experiment (LIDET) to (1) determine the relative importance of

climate and litter quality as predictors of decomposition rates, (2) compare patterns in

root and leaf litter decomposition, (3) identify controls on net nitrogen (N) release during

decay, and (4) compare LIDET rates with native species studies across five bioclimatically

diverse neotropical forests. Leaf and root litter decomposed fastest in the lower montane

rain and moist forests and slowest in the seasonally dry forest. The single best predictor

of leaf litter decomposition was the climate decomposition index (CDI), explaining 51%

of the variability across all sites. The strongest models for predicting leaf decomposition

combined climate and litter chemistry, and included CDI and lignin (R2 5 0.69), or CDI,

N and nonpolar extractives (R2 5 0.69). While we found no significant differences in

decomposition rates between leaf and root litter, drivers of decomposition differed for

the two tissue types. Initial stages of decomposition, determined as the time to 50% mass

remaining, were driven primarily by precipitation for leaf litter (R2 5 0.93) and by

temperature for root litter (R2 5 0.86). The rate of N release from leaf litter was positively

correlated with initial N concentrations; net N immobilization increased with decreasing

initial N concentrations. This study demonstrates that decomposition is sensitive to

climate within and across tropical forests. Our results suggest that climate change and

increasing N deposition in tropical forests are likely to result in significant changes to

decomposition rates in this biome.
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Introduction

The tropical forest biome is characterized by rapid

decomposition rates (Parton et al., 2007; Adair et al.,

2008). This fast decomposition, when coupled with

typically high net primary productivity (NPP) (Melillo

et al., 1993), leads to some of the largest annual carbon

(C) fluxes as carbon dioxide (CO2) from terrestrial

ecosystems globally (Raich & Schlesinger, 1992). Litter

decomposition also plays an important role in nutrient

cycling in tropical forests by mineralizing and releasing

nutrients for plant and microbial uptake. This is parti-

cularly important for tropical forests on highly weath-

ered soils, which typically have low nutrient-holding

capacity (Sanchez, 1976). The majority of litter decom-

position studies conducted in the tropics have used one

site, one life zone, and/or native litters only (see Cuevas

& Medina, 1988). While these studies are important for

determining local rates and controls on decomposition,

they are less useful for identifying broad regional or

biome-scale trends in decomposition.

Climate and litter chemistry are thought to be the

primary drivers of decomposition in temperate ecosystems

(Meentemeyer, 1978a), but similar analyses are lacking for

tropical forests. A model used to predict decomposition for
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the entire Long-Term Intersite Decomposition Experiment

(LIDET) dataset, including 28 sites across multiple biomes

(Adair et al., 2008), suggested unique controls on decom-

position in tropical ecosystems. Climate indices that incor-

porate both temperature and precipitation, such as actual

evapotranspiration (AET) and the climate decomposition

index (CDI) (sensu Parton et al., 1994), are generally the best

predictors of decomposition at regional and global scales

(Meentemeyer, 1978a, b; Aerts, 1997; Gholz et al., 2000;

Parton et al., 2007). Temperatures in the tropics tend to be

warmer and relatively constant compared with temperate

regions. Consistent moderate to high temperatures create

conditions favorable for decomposers (Vitousek, 1984;

Schlesinger & Andrews, 2000), but the lack of strong

seasonality in temperature may decrease its value as a

predictor of decomposition rates within the tropical biome.

In contrast to temperature, rainfall in tropical forests

varies widely, ranging from as little as 500 mm to as

much as 45000 mm annually (Holdridge et al., 1971).

Seasonality of rainfall is also highly variable across the

tropics (Austin & Vitousek, 2000). Decomposition in

very wet tropical forests or during wet periods may

be inhibited by low oxygen availability (McGroddy &

Silver, 2000; Schuur, 2001), whereas seasonal drought in

dry and mesic tropical forests can also slow decomposi-

tion rates (Goulden et al., 2004). The wider range of

precipitation relative to temperature may make preci-

pitation a better predictor of decomposition in tropical

regions. However, climate controls on leaf litter decom-

position may differ from those of root decomposition.

Foliar tissues generally decompose on the soil surface

where they are directly exposed to rainfall and through-

fall, and subject to desiccation. Root tissues occurring in

the mineral soil are likely to be more buffered from the

direct effects of climate (Silver & Miya, 2001).

Litter chemistry has been shown to be an important

driver of decomposition and litter nutrient release

in the tropics (Loranger et al., 2002; Arunachalam &

Singh, 2004; Goma-Tchimbakala & Bernhard-Reversat,

2006). Typical litter chemistry indices include the ini-

tial tissue N or lignin concentrations, the lignin : N or

C : N ratios, and tannin and polyphenolic concentra-

tions (McClaugherty & Berg, 1987; Ryan et al., 1990).

The importance of tissue chemistry may differ for leaf

and root litter decomposition, because of the differences

in microbial decomposer communities on the surface

vs. in the soil (Bills & Polishook, 1994; Tiwari et al., 1994;

Silver, 1998; Chen et al., 2001) or to other differences in

microbial community and activity (Gonzalez & Seast-

edt, 2001; Carney & Matson, 2005). Initial litter chem-

istry not only affects rates of mass loss, but can also

determine rates of nutrient immobilization and miner-

alization (Scott & Binkley, 1997). Nitrogen concentra-

tions commonly increase in decomposing litter as

decomposers colonize and degrade litter (Gosz et al.,

1973), fix N2 (Wood, 1974), or transport N from soils to

litter via fungal hyphae (Wood, 1974). The extent of net

N immobilization is often related to the initial N con-

centration of the decomposing litter (Aber & Melillo,

1980; Melillo et al., 1982), whereas N mineralization in

soils has been shown to correlate with litter lignin

concentrations (Scott & Binkley, 1997).

In this study we used data from the tropical forest

LIDET sites to address four key questions regarding

patterns and controls on litter decomposition in the

tropical forest biome. First, we asked what the relative

importance of climate and litter chemistry is in tropical

forest litter decomposition. We predicted that precipita-

tion and litter chemistry would be the dominant drivers

of decomposition in the tropics, because of the near

constant favorable temperatures of this biome. Second,

we asked if the drivers of leaf litter decomposition differ

from those of root litter decomposition in tropical for-

ests. We expected that root tissue would be best pre-

dicted by initial litter chemistry, because roots are

relatively buffered from the direct effects of climate by

their location in soils. Leaf tissue decomposition is more

likely to be correlated with climate (and particularly

precipitation) based on previous temperate zone studies

and global analyses (Meentemeyer, 1978a; Aerts, 1997;

Silver & Miya, 2001). Third, we examined potential

drivers of patterns in net N mineralization and immo-

bilization during decomposition across tropical forests.

High soil N typical of tropical forest soils (Vitousek &

Howarth, 1991; Hobbie & Vitousek, 2000) could decrease

the occurrence of N immobilization across litter types.

Finally, to determine if the patterns we observed with

the nine LIDET standard litter types are representative

of decomposition rates of native litter species and loca-

lized climate gradients, we compared our results with

independent published datasets from the tropical LIDET

sites and additional decomposition studies in Hawaii.

Materials and methods

The five tropical forest LIDET sites included a lowland

moist forest at Barro Colorado Island, Panama (BCI), a

lowland dry forest at Guanica State Forest, Puerto Rico

(GSF), a lowland wet forest at La Selva Biological

Station, Costa Rica (LBS), a lower montane wet forest

at the Luquillo Experimental Forest, Puerto Rico (LUQ),

and a montane cloud forest at Monteverde, Costa Rica

(MTV). These tropical forests span a wide range of

tropical climate characteristics (Table 1).

We used data from five leaf litter species that were

decomposed at all sites: sugar maple (Acer saccharum,

ACSA), a tropical hardwood (Drypetes glauca, DRGL),

chestnut oak (Quercus prinus, QUPR), western red cedar
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(Thuja plicata, THPL), and wheat (Triticum aestivum,

TRAE). An additional pine needle litter was decom-

posed at each site. Red pine (Pinus resinosa, PIRE) was

used at LBS and LUQ, and slash pine (Pinus elliottii,

PIEL) was used at BCI, GSF and MTV. Three root litter

species were decomposed at each site, including big

bluestem (Andropogon gerardii, ANGE), DRGL, and

either PIRE (at GSF and MTV) or PIEL (at BCI, LBS

and LUQ) (Table 1). These species were chosen to

provide a range in N concentrations, lignin : N, and

lignin concentrations.

Details of the field and laboratory protocols can be

found at http://www.fsl.orst.edu/lter/research/inter-

site/lidet/lidet_meth/lidet.htm and in Gholz et al.

(2000). Briefly, litter was collected from senescing plants

(temperate species) or collected green (tropical species

DRGL). All litter species were air-dried at ambient

temperatures except DRGL, which was oven-dried at

40 1C. Litter used at sites in Costa Rica was sterilized

using gamma radiation to meet import requirements.

Litterbags (20 cm� 20 cm, mesh sizes 1 mm for leaves,

0.1 mm for roots) were filled with �10 g dry weight of

leaf litter (placed aboveground), or 5–7 g dry weight of

fine roots (inserted into surface soils). Replicate litter-

bags were placed in four locations at each site in 1990 or

1991, and collected at multiple time points for up to 10

years. Final time points were earlier for tropical sites

(1.8–5 years) than for most temperate sites because of

rapid decomposition. The mass remaining (ash-free

weight) was averaged for each harvest date across the

four replicates per species and tissue type.

Climate parameters

We tested four climate indices as predictors of decomposi-

tion: mean annual precipitation (MAP, mm), mean annual

air temperature (MAT, 1C), AET (mm), and the CDI,

which incorporates the seasonality of rainfall and tempera-

ture in an integrated index to predict decomposition

(Parton et al., 2007). The mean annual values for these

variables were calculated using the observed weather

during the 10-year experimental period near the study

sites (1990–2000). The monthly water budget in the Cen-

tury model (Parton et al., 1994) was used to calculate AET

from potential evapotranspiration rates (PET) at each site,

using observed monthly average maximum and mini-

mum air temperature and monthly precipitation.

Tissue chemistry measurements

After collection, litterbags were oven-dried at 55 1C

until mass stabilized. Harvested samples were pooled

within species, site, and time for chemical analyses. All

chemical analyses were performed at Oregon StateT
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University using the following methods. (1) All initial

samples were analyzed for total ash in a muffle furnace

and for C and N concentrations on an elemental analy-

zer. Initial tissue samples were also analyzed for Kjel-

dahl N and proximate C fractions, including Klason

lignin (hereafter lignin), tannins, nonpolar extractives,

water-soluble extractives, and acid-soluble extractives

(Ryan et al., 1990). (2) For the decomposed samples,

approximately 25% of pooled samples were analyzed

for ash, C, and N concentrations. The other chemical

characteristics listed above were predicted for the de-

composed samples using near infrared reflectance spec-

troscopy (LIDET, 1995).

Calculation of decomposition rate constants

We considered single-phase, two-phase, and lag-phase

models to calculate decomposition rate constants for

mass loss over time. The single-phase model represents

tissue that decomposes as a uniform pool of C. The two-

phase model describes litter that has a labile, quickly

decomposing C pool and a recalcitrant, slowly decom-

posing C pool. The lag-phase model represents litter

that is not immediately decomposed presumably be-

cause of a lag in colonization by decomposers. We fit

every combination of site, species, and tissue type (leaf

or root) with each of the three models. Models were

considered biologically realistic if the resulting curve fit

(i.e., mass remaining vs. time) had a Y-intercept value

between 95% and 105% initial mass; this range was

chosen to allow for inherent variability in this diverse

dataset. A two-phase model was used for data subsets

with Y-intercepts below 95% mass at time zero, under

the assumption that a rapid early phase of decomposi-

tion occurred before the first harvest date. The lag-

phase model did not fit any of our data subsets and

thus was not used here. We evaluated data for outliers

and rejected 1 out of 349 data points.

Using either a single- or two-phase approach, we

calculated the integrated, weighted-average decompo-

sition rate (Olson, 1963; Harmon et al., 1990) as a

measure of average long-term decomposition. This cal-

culation is based on the predicted mass remaining (MR)

for sequential time points, where the sum of mass

remaining for all time points represents the hypotheti-

cal steady-state of forest floor mass, and mass input is

100 units:

kI ¼
100

P
MRðt0�200Þ

; ð1Þ

where kI is the time-integrated average decomposition

rate constant and
P

MR represents the sum of mass

remaining for all time points from 0 to 200 years of

decomposition. We used a 0.1-year time step for this

numerical integration procedure.

The value of MR for each time point in both the single-

and two-phase models was estimated using exponential

decay equations for observed data. For the single-phase

model, mass remaining at each time point was calcu-

lated as:

MR ¼M0 � e�kðtÞ; ð2Þ

where M0 is the mass at time zero (100 units), k is the

decomposition rate constant (estimated as the slope of a

log-linear regression), and t is time. For the two-phase

model, mass remaining at each time point was calcu-

lated as:

MR ¼Ms � e�ksðtÞ þMf � e�kfðtÞ; ð3Þ

where Ms is the initial mass of the slow pool and ks is

the decomposition rate constant of the slow pool of C.

We assumed that the log-linear curve fit of observed

data represented decomposition of the slow pool for

datasets with Y-intercept o95% mass. Thus, parameters

for the slow pool were estimated as Ms 5 Y-intercept,

and ks 5 slope of a log-linear fit of the observed data.

The parameters Mf and kf are the initial mass and

decomposition rate constant of the fast pool of C, where

Mf ¼ 100�Ms; ð4Þ

To estimate kf, we assumed that 95% of the fast pool had

been decomposed by the time of the first litter harvest

(tp1) such that

kf ¼
ln 0:95

tp1
: ð5Þ

We also tested nonlinear equations to calculate MR for

each time step in these two models, but doing so did not

significantly change our calculations of kI. The two-

phase integrated model best described decomposition

rates of both root and leaf litter at most sites and for

most species. An exception was leaf litter decomposi-

tion at GSF, where overall leaf decomposition was best

described by a single-phase integrated model. At the

species level, decomposition of PIEL leaves and PIRE

roots was best described using the single-phase model.

Across all combinations of site, species and tissue type,

70% of leaf litter data and 73% of root data were best

described using a two-phase model. Remaining combi-

nations were described using a single-phase model.

The two-phase or single-phase time-integrated rate

constants (kI in above equations, hereafter k-values) for

each site, species, and tissue type combination were

used in our subsequent analyses. We also estimated the

time to reach 50% of the original mass remaining (in

years) for each site using the time-integrated model

described above with the single- or two-phase model,
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as appropriate. We used time to 50% mass remaining as

an index of the early stages of decomposition.

Statistical analyses

Statistical analyses were performed using JMP 5.0 (SAS

Institute Inc., Cary, NC, USA) and SYSTAT 10 (SSI, Rich-

mond, CA, USA). Statistical significance was determined at

the 95% level for all tests unless otherwise noted. Data were

log-transformed when necessary to meet the normality

assumptions for analysis of variance (ANOVA). To address

our first question regarding the relative importance of

climate vs. litter chemistry in tropical decomposition, dif-

ferences in leaf and root k-values across the climatically

distinct sites and chemically distinct species were deter-

mined with ANOVA and the least significant differences

(LSD) means separation test. For question one, we also

used backwards stepwise multiple linear regressions, in

which all independent parameters were included in the

regression model first, and removed sequentially if not

significant. This approach determine the best climate and

litter chemistry variables for predicting decomposition

across tropical sites and species, and to compare controls

on decomposition at the tropical LIDET sites with controls

observed in the global LIDET dataset (Currie et al., in

review). Climate parameters included CDI, AET, MAT,

and MAP. Litter chemical indices included initial N,

C : N, lignin : N, lignin, tannins, nonpolar extractives,

water-soluble extractives, and acid-soluble extractives. By

analyzing leaf and root litter data separately in these

analyses, we were able to determine if the drivers of leaf

and root decomposition were different (question two).

Average leaf and root k-values across sites and species

were also compared using a Student’s t-test.

Because Pinus litter species differed across sites, we

excluded this genus from site-level analyses. Additional

regressions were run for the three sites with PIEL leaves

and roots, and included the other five species. All ana-

lyses were repeated using the time to 50% mass remain-

ing as the response variable to identify differences in

controls on short-term vs. time-integrated decomposition.

To investigate the drivers of N mineralization and

immobilization during decomposition (question three),

we used the model developed by Parton et al. (2007) to

explore patterns in N dynamics for leaf litter, and we

used linear models for root litter. The model (Parton

et al., 2007) describes N concentrations during decom-

position as a function of observed mass remaining and

initial N concentrations, and accurately described leaf

decomposition for the global LIDET dataset. Root litter

has been observed to release N linearly with decom-

position regardless of species or location (Parton et al.,

2007). To identify factors other than mass loss that drive

N release from root litter, we used linear regressions

with %N remaining as the response factor, and total

mass remaining plus the above climate and tissues

chemistry factors as independent variables. All root

litter species from all sites were included in these

analyses.

To determine whether patterns observed using the

LIDET litters were representative of native litter decom-

position (question four), we compiled a dataset of leaf

litter k-values from this study and from independent

(non-LIDET) native species decomposition studies at

the five tropical LIDET sites and Hawaii, where exten-

sive research on tropical decomposition has been con-

ducted. We regressed these compiled k-values against

MAP and MAT to determine whether there were dif-

ferent trends for native litter studies compared with

LIDET litter species.

Results

Patterns in leaf and root litter decomposition

Over the 10-year study period, LBS had the highest

rainfall, AET, and CDI, while GSF had the lowest. BCI

was the warmest site, and MTV was the coolest site

(Tables 1 and 2). Leaf litter k-values ranged from 0.26 to

1.27 per year across sites (Table 2) and from 0.27 to 1.37

per year across species (Table 3). Root litter k-values

ranged from 0.42 to 1.06 per year across sites (Table 2)

and 0.33 to 0.94 per year across species (Table 3). Among

sites, leaf mass loss was slowest at GSF (the one site with

single-phase decomposition), and fastest at LUQ and

BCI (Fig. 1). The proportion of leaf litter mass calculated

to be in the fast decomposition pool was 25% (BCI), 50%

(LBS), 29% (LUQ), and 42% (MTV). Root mass loss was

also slowest at GSF and fastest at LUQ (Table 2). The

proportion of root litter in the fast pool was 25% (BCI),

17% (GSF), 27% (LBS), 6% (LUQ), and 18% (MTV).

Among species, leaf mass loss was slowest for PIEL (the

species with highest lignin : N and C : N) and fastest for

DRGL (highest %N); root mass loss was slowest for PIRE

and fastest for ANGE (the single grass species, Table 3).

Site, species, and tissue type (leaf or root) were all

significant factors for describing variability in k-values.

However, tissue type was only a significant factor when

species was also included in the analysis. On average

there was no significant difference between leaf and root

k-values. Within tissue type (roots or leaves), k differed

significantly among sites and species (Fig. 1).

Climate and chemical predictors of decomposition rates

Climate factors were the best single predictors of de-

composition rates for leaf litter across all sites and

species (Table 4). The single best predictor of leaf litter
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decomposition was CDI (R2 5 0.51; R2 5 0.63 across the

three sites that included PIEL). The best multiple re-

gressions for predicting leaf litter decomposition across

sites combined CDI and lignin, or CDI, initial N, and

nonpolar extractives (R2 5 0.69 for both combinations).

For sites with PIEL litter, a multiple regression with

CDI, initial N, and nonpolar extractives was the best

model for predicting leaf litter decomposition rates

(R2 5 0.93). As expected, temperature was generally

not a good predictor of decomposition rates for leaf

litter (Table 4).

Results for regressions using time to 50% mass re-

maining as the response variable were similar to results

using k-values. In general, R2 values increased for leaf

litter decomposition when using time to 50% mass

remaining across sites, with climate as the strongest

predictor (Table 4). For leaf litter, site-average time to

50% mass remaining was significantly positively corre-

lated with MAP (R2 5 0.93), CDI (R2 5 0.86), and AET

(R2 5 0.89, Fig. 2a–c). The strong influence of GSF is seen

in the correlation between time to 50% mass remaining

and precipitation, CDI, and AET (Fig. 2a–c).

The single best predictor for root decomposition rates

across the three sites that included PIEL was lignin

concentration (R2 5 0.77). AET improved the predictive

power of regressions at the sites with PIEL root litter

Table 2 Site-level climate parameters and litter decomposition rates (mean � SE)

Site AET (mm) CDI Leaf k-value (per year)* Leaf t0.5 (year)z Root k-value (per year) Root t0.5 (year)z

BCI 1368 0.78 1.27 � 0.30 a 0.45 0.81 � 0.26 ab 0.60

GSF 503 0.39 0.26 � 0.06w b 2.00 0.42 � 0.07 b 0.75

LBS 1699 0.89 0.65 � 0.10 b 0.15 0.62 � 0.14 ab 0.80

LUQ 1234 0.84 1.22 � 0.24 a 0.40 1.06 � 0.28 a 0.75

MTV 1084 0.60 0.47 � 0.06 b 0.60 0.50 � 0.08 ab 1.15

*Time-integrated decomposition rate constants calculated separately for each species (Appendix A) were averaged to obtain mean

site-level k-values. Letters indicate differences in k-values within leaf or root tissues among sites using an LSD test.

wA two-phase time-integrated decomposition model best described decomposition of all species, except for GSF leaves, which were

best described by a single-phase model.

zt0.5: time to 50% mass remaining.

Table 3 Species-level chemical parameters* and litter decomposition rates (mean � SE)w

Tissue

type Species

N

(%)* C : N

Lignin :

N

Lignin

(%)

Nonpolar

extractives

(%)

Tannins

(%)

Water-soluble

carbohydrates

(%)

Acid-soluble

carbohydrates

(%)

k-value

(per year)z
t0.5

(year)§

Leaf ACSA 0.81 61.8 19.7 15.9 8.2 7.7 11.1 12.7 0.77 � 0.21 ab 0.70

DRGL 1.97 24.2 5.5 10.9 8.0 8.0 13.3 18.1 1.37 � 0.42 a 0.08

PIEL 0.36 150.7 59.5 21.4 17.3 4.5 6.8 20.3 0.27 � 0.09 b 3.28

PIRE 0.59 90.9 32.6 19.2 15.3 7.4 9.8 20.1 0.54 � 0.11 b 1.20

QUPR 1.03 50.1 22.9 23.5 9.3 6.9 7.1 18.0 0.62 � 0.17 b 0.80

THPL 0.62 82.1 42.8 26.7 14.0 3.0 7.8 17.3 0.56 � 0.16 ab 1.10

TRAE 0.38 125.3 42.9 16.2 3.4 2.9 5.0 41.1 0.96 � 0.23 ab 0.30

Root ANGE 0.63 58.7 16.7 10.5 5.9 1.1 5.3 33.2 0.94 � 0.19 a 0.50

DRGL 0.76 63.5 21.2 16.1 10.6 2.4 6.7 15.3 0.73 � 0.12 ab 0.80

PIEL 0.82 60.4 42.7 34.9 8.9 3.3 8.5 19.7 0.42 � 0.09 b 1.60

PIRE 1.22 39.9 23.2 28.2 6.1 2.3 2.2 13.3 0.33 � 0.02 b 2.00

*Several chemical parameters were weakly autocorrelated, including N and tannins (R2 5 0.31), N and acid-soluble carbohydrate

(R2 5 0.17), N and water-soluble carbohydrates (R2 5 0.38), lignin and nonpolar extractives (R2 5 0.14), lignin and acid-soluble

carbohydrates (R2 5 0.10), nonpolar extractives and acid-soluble carbohydrates (R2 5 0.30), tannins and acid-soluble carbohydrates

(R2 5 0.22), tannins and water-soluble carbohydrates (R2 5 0.63), and acid-soluble and water-soluble carbohydrates (R2 5 0.22).

Bolded text indicates the highest leaf and root values for each chemical parameter.

wA two-phase time-integrated decomposition model best described decomposition of all species and tissue types, except PIEL leaves

and PIRE roots for which a single-phase model was more suitable. Time-integrated decomposition rate constants calculated

separately for each site, species and type (Appendix A) were averaged to obtain mean species-level k-values.

zLetters indicate differences in k-values within each tissue type (root and leaf) using LSD tests.

§t0.5: time to 50% mass remaining.
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(R2 5 0.91 when combined with lignin). Similarly, we

found good relationships in PIEL sites decomposition

rates with AET, initial N, and nonpolar extractives

(R2 5 0.91), or AET, initial N, and tannins (R2 5 0.91).

In contrast to analyses with leaf litter, temperature was

a significant factor in some of the multiple regressions

for sites including PIEL root litter. As with leaf litter,

analyses using time to 50% mass remaining often had

greater predictive power than those using k-values

(Table 4). Using site-averaged values of time to 50%

mass remaining, the initial phases of root decomposi-

tion were strongly positively correlated with MAT, with

a strong influence of decomposition rates at MTV

(R2 5 0.86, Fig. 2d).

Litter nitrogen dynamics

Initial N concentrations were the best predictor of net N

immobilization and release in leaves during decompo-

sition. Net N immobilization during the early stages of

decomposition was greatest for species with a low

initial N concentration (Fig. 3a–f). The time to net N

release (mineralization) was also greatest for species

with low initial N concentrations. The two Pinus species

(PIEL and PIRE) differed in their net N release patterns,

reflecting different initial N concentrations. Net N re-

lease often occurred very late in the decomposition

sequence, at approximately 40% of the initial mass

remaining for N-poor TRAE. Comparing sites, leaf litter

at BCI and LUQ exhibited earlier net N release, whereas

GSF and MTV retained N for longer time periods,

similar to patterns in mass loss (Fig. 3).

In contrast to leaf litter, net N release from

roots followed a linear pattern, with little net N

immobilization (Fig. 4). The best predictor of net

N release from roots was mass remaining (R2 5 0.64,

Table 5). Adding C : N (R2 5 0.79) or initial N

and nonpolar extractives (R2 5 0.79) improved the

predictive power of the regression. Net N immobili-

zation in root litter occurred only in DRGL, which

Fig. 1 Decomposition rate constants for (a) leaves and (b) roots compared by species, and for (c) leaves and (d) roots compared by site.

Letters represent significant differences in k-values among sites or species using least significant difference (LSD) tests (Po0.05).
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Table 4 Climate and chemical predictors of decomposition ratesw

Climate

factors N parameterz
Secondary C

compoundsz,§
Leaf R2

(all sites)

Leaf R2

(PIEL sites)

Root R2

(all sites)

Root R2

(PIEL sites)

MAP – – 0.35/0.42 0.43/0.46 0.34* ns

MAT – – ns ns ns ns

AET – – 0.36/0.41 0.59/0.51 0.32 ns

CDI – – 0.51/0.43 0.63/0.49 0.58}/0.55 ns

– N – ns ns ns 0.58/0.69

– C : N – ns ns ns ns

– Lignin : N – ns ns ns 0.75/0.81

– – Lignin ns/0.41 0.17*/0.36 ns 0.77/0.84

– – NPE ns/0.18 0.25/ns ns ns

– – Tannins ns ns ns 0.63/0.74

– – ASC ns ns ns ns

– – WSC ns ns ns 0.72/0.83

– N NPE ns/0.30 ns ns 0.83*/0.85

– N ASC ns/0.29 ns ns 0.83*/0.85

MAP N – 0.26/0.52 0.55*/ns ns ns

MAP Lignin : N – ns 0.57/ns ns ns

MAT Lignin : N – ns ns ns 0.87/0.89

AET N – ns/0.50 0.71/ns ns ns

AET C : N – ns 0.68/ns ns ns

AET Lignin : N – ns 0.73/ns ns 0.90/ns

CDI N – 0.57*/0.53 0.75/ns ns/0.76 ns/0.76

CDI C : N – ns 0.72/ns ns/0.76 ns/0.76

CDI Lignin : N – ns 0.77/ns ns/0.76 ns/0.76

MAP – Lignin 0.52/0.83 0.60/0.83 ns ns

AET – Lignin 0.53/0.82 0.76/0.87 ns 0.91k/ns

CDI – Lignin 0.69**/0.84 0.80/0.86 ns/0.76 ns/0.76

MAP – NPE 0.45/0.60 0.68/0.52 ns ns

AET – NPE 0.46/0.58 0.84/0.61 ns ns

CDI – NPE 0.61 0.88/0.59 ns/0.76 ns/0.76

AET – Tannins ns ns ns 0.78*/ns

MAT – WSC ns ns ns 0.84*/0.90

AET – WSC ns/0.50 ns ns 0.87/0.89

MAP N NPE 0.52*/0.72 ns Lost df ns

MAT N NPE ns ns Lost df 0.88/0.92

AET N NPE 0.53*/0.70 0.89/ns Lost df 0.91/0.92

CDI N NPE 0.69/0.73 0.93ww/ns Lost df ns

MAT N Tannins ns ns Lost df 0.88/0.92

AET N Tannins ns ns Lost df 0.91/0.92

wTime-integrated decomposition rates (k-values) and t0.5 were regressed against climate and chemical factors. Where correlations

differed, R2 for k-value models are shown on the left and R2 for t0.5 models are shown on the right. All k-values for combinations of

site, species and type were used in regressions, using natural log-transformed values. For regressions with all sites, PIEL and PIRE

were excluded. For regressions with Pinus, BCI, GSF, and MTV were sites with PIEL leaves, and BCI, LBS, and LUQ were sites with

PIEL roots. Nonsignificant (ns) indicates a nonsignificant model or nonsignificant model factor. Two-factor models not shown were

not significant, and three-factor models not shown had nonsignificant factors. The simplest, most significant model for each group is

shown in bold, and the equations for these are:

**[leaves, all sites] ln(k) 5�0.05(% lignin) 1 2.8(CDI)�1.4.

ww[leaves, PIEL sites] ln(k) 5�0.08(NPE) 1 0.3(%N) 1 4(CDI)�2.6.

}[roots, all sites] ln(k) 5 1.6(CDI)�1.4.

k[roots, PIEL sites] ln(k) 5�0.04(% lignin)�0.001(AET) 1 2.

zChemical properties are in percent.

§NPE, nonpolar extractives; ASC, acid-soluble carbohydrates; WSC, water-soluble carbohydrates.

*Po0.1 for one factor. For all other factors and for regressions overall, Po0.05.
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also had the highest nonpolar extractives (Fig. 4).

Climate factors were correlated with mass loss and did

not add further predictive power to regressions of net

N release from roots.

Comparison with native litters

Decomposition rates in the LIDET study were similar to

rates reported for native species decomposition at each

site (Table 6, Fig. 5). The exception was LBS, which

showed faster leaf litter decomposition rates for native

species during two 1-year studies. We compared our

compiled data with decomposition rates from two climate

gradient studies in the Hawaiian Islands that showed

contrasting trends of decomposition with precipitation

(Austin & Vitousek, 2000; Schuur, 2001). Schuur (2001)

reported decreasing leaf litter decomposition rates along a

gradient of increasing annual rainfall. While LIDET de-

composition rates were similar to rates observed by

Schuur (2001), both the overall LIDET trend and the

compiled dataset showed the opposite relationship: a

significant positive correlation between MAP and leaf k-

values (R2 5 0.43 for the compiled dataset, Fig. 5). There

were no significant relationships with MAT.

Discussion

Climate drivers of decomposition in tropical forests

Climate factors were the most important drivers of leaf

and root decomposition across the five tropical sites in

this study. In our multiple linear regressions, the single

best predictor of leaf and root decomposition rates

across all combinations of site and litter type was CDI.

For the three sites with PIEL leaf litter, CDI was also the

strongest single predictor of decomposition rate for

leaves. Although temperatures are relatively warm

and constant in the tropics, precipitation regimes and

amounts vary widely. The strong correlation of decom-

position with CDI likely reflects the importance of

Fig. 2 Linear regression of t0.5 against (a) mean annual precipitation (MAP) for leaves, (b) climate decomposition index (CDI) for leaves,

(c) mean annual actual evapotranspiration (AET) rate for leaves, and (d) mean annual temperature (MAT) for roots (Po0.05). The

equations for the regressions are: (a) leaf t0.5 5 2.183�0.0005�MAP; (b) leaf t0.5 5 3.123�3.419�CDI; (c) leaf t0.5 5 2.633�0.0016�AET;

(d) root t0.5 5 1.988�0.0487�MAT.
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seasonality in precipitation for decomposition rates. For

leaf litters, all precipitation-related climate parameters

(MAP, CDI, and AET) were more strongly correlated

with time to 50% mass remaining than with long-term

time-integrated k-values. This result is similar to find-

ings from analyses of the global LIDET dataset (Currie

et al., in review), where climate parameters were strong

predictors of early phases of decomposition but not of

long-term integrated decomposition. The dependence

of early-phase decomposition on precipitation and re-

lated climate indices in tropical forests likely reflects the

importance of leaching of soluble compounds (Cleve-

land et al., 2004). The significant positive correlation of

MAT with time to 50% mass remaining for root litter is

surprising and may indicate a high degree of sensitivity

of tropical soil microbes to even small changes in

temperature (Silver, 1998).

We expected to see the most rapid decomposition

rates at the wettest, warmest lowland forest site, LBS.

However, BCI and LUQ, both of which had lower MAP,

had faster long-term leaf and root decomposition rates

than LBS (Table 1). Two other studies at LBS found

substantially faster 1-year decomposition rates for na-

tive litters (Kershnar & Montagnini, 1998; Horn &

Montagnini, 1999). However, the longer period of de-

composition of the LIDET experiment (4.4 years at LBS)

likely captured an important dynamic of slow-pool C

decomposition not observed in shorter studies with

native litters. LBS had the fastest rates of initial decom-

position (time to 50% mass remaining), indicating that

the gamma radiation did not inhibit early mass loss at

this site. Despite rapid early decomposition, the long

slow phase of decomposition gave LBS the lower inte-

grated k-value relative to BCI and LUQ.

The slowest leaf and root litter decomposition was at

GSF, probably related to severe drought during part of

the year. Root decomposition was also slow at MTV.

Lower temperatures combined with soil saturation and

low oxygen diffusion under high precipitation in the

cloud forest (MTV) may have inhibited decomposer

organisms (Bloomfield et al., 1993; McGroddy & Silver,

2000; Schuur, 2001).

Litter chemistry controls on decomposition
in tropical forests

Key chemical controls for leaf and root decomposition

were similar and included the initial concentrations of

Fig. 3 Nitrogen immobilization and release across sites for leaf litter species (a) DRGL, (b) QUPR, (c) ACSA, (d) THLP, (e) PIEL (blue

line) and PIRE (orange line), and (f) TRAE. Initial litter N concentration is indicated for each species. The horizontal line at 1 represents

100% of initial N concentrations. Data above the line represent N immobilization, and data below the line represent N release.
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lignin, N and nonpolar extractives. Leaf litter of the

fastest decomposing species (DRGL) had the highest

initial N concentrations and the lowest lignin : N in the

dataset, while the most slowly decomposing leaf litter

(PIEL) had the highest lignin : N. The importance of

litter N concentrations for decomposer activity has been

reported for other tropical forests, particularly in mon-

tane environments (Silver, 1998; Hobbie & Vitousek,

2000). Other nutrients not measured here, including

phosphorous and micronutrients, have also been shown

to play an important role in tropical decomposition

(Cleveland et al., 2006; Kaspari et al., 2008), though the

strong correlations found here indicate that climate, N,

and C chemistry of tissues may provide dominant

controls on tropical decomposition.

The root species with the slowest decomposition rates

(PIEL and PIRE) had the highest lignin concentrations

(Table 3), and lignin was the single best predictor of root

decomposition across the three sites that included PIEL

roots. Factors combining lignin and N have tradition-

ally been used to predict long-term decomposition

patterns across biomes, where N concentrations have

been found to be more important during early decom-

position, and lignin more important during later stages

(Tripathi & Singh, 1992; Berg & Matzner, 1997). Lignin

may be especially important in moist tropical and

humid forests; high rainfall encourages rapid initial

decomposition, leading to higher relative lignin con-

centrations in later stages of decomposition (Couteaux

et al., 1995). This interaction between precipitation and

lignin could help explain the slower long-term decom-

position at the wettest site (LBS), as well as the slower

decomposition of the high lignin litters.

Nonpolar extractives, composed primarily of fats,

oils, and waxes, were also good predictors of both leaf

and root decomposition rates. Short-term tropical forest

decomposition studies (1 year or less) generally have

not found significant relationships between nonpolar

Fig. 4 Nitrogen immobilization and release across sites for root litter species (a) ANGE, (b) DRGL, (c) PIEL, and (d) PIRE. The initial

concentration of nonpolar extractives (NPE) in root litter is indicated for each species. The horizontal line at 1 represents 100% of initial

N, and is shown only for species with N immobilization. Data above the line represent N immobilization, and data below the line

represent N release.
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extractives and mass loss (Smith et al., 1998; Ostertag &

Hobbie, 1999). The leaf litters with the highest concen-

trations of nonpolar extractives, PIEL, PIRE, and THLP

(all coniferous species), had the slowest decomposition

rates (Table 3). Nonpolar extractives tend to be rela-

tively insoluble, providing a control on decomposition

rates in wetter sites.

Leaf vs. root decomposition

We found no difference between average leaf and root

decomposition rates for the five tropical forests in-

cluded here. Our results contrast with Gholz et al.

(2000), who found that the ratio of above- to below-

ground decomposition varied greatly among sites in the

temperate zone. Currie et al. (in review) also found that

long-term root litter decomposition was slower than

leaf decomposition across all the LIDET sites. Previous

work has suggested that, at regional or global scales,

aboveground decomposition may be more sensitive to

climate (Meentemeyer, 1978a), whereas root decompo-

sition may depend more heavily on tissue chemistry

(Silver & Miya, 2001). Root and leaf litter from the same

plant species often decompose at different rates across

biomes, with roots generally decomposing more slowly

(Bloomfield et al., 1993; Bryant et al., 1998; Gorissen &

Cotrufo, 2000; Kemp et al., 2003; Majdi, 2004), likely

related to litter chemical characteristics (Bloomfield

et al., 1993). Roots typically have higher lignin and

C : N than leaves (Galletti et al., 1993; Moretto et al.,

2001; Moretto & Distel, 2003; Abiven et al., 2005). Thus,

litter chemistry is often a confounding factor when

comparing leaf and root decomposition. In this study,

there were very few significant differences in average

root vs. leaf litter chemistry across species (although

phosphorous, which is likely to be important in tropical

forest nutrient dynamics, was not measured). The simi-

larity of root and leaf decomposition rates in these

tropical forests is likely related to similarity in tissue

chemistry, with more favorable microclimatic condi-

tions belowground than in temperate systems (Borne-

man & Triplett, 1997). We did find important differences

in both climate and tissue chemistry drivers of root vs.

leaf decomposition. Rainfall seasonality (CDI) most

strongly drove leaf decomposition, while temperature

and lignin concentrations drove root decomposition.

Litter nitrogen dynamics

We observed different patterns of N release from leaf vs.

root litter across the five tropical forest types, and

patterns observed here were generally consistent with

global trends (Parton et al., 2007). We expected that the

initial N concentration would be a strong predictor of N

release from both leaf litter (Frankenberger & Abdel-

magid, 1985; Constantinides & Fownes, 1994; Aruna-

chalam et al., 2005) and root litter (Chen et al., 2002). Leaf

litter species with N � 1% showed initial net N im-

mobilization followed by net N mineralization, with all

species exhibiting nonlinear patterns of N release (Fig.

3). These results are consistent with patterns found in

seven litter species decomposed in a Japanese subtro-

pical forest (Xu & Hirata, 2005). Previous studies sug-

gest that the breakpoint between net immobilization

and net mineralization is 1.8–2.5% N (Palm et al., 2001)

or a C : N of 27 (Seneviratne, 2000), with N immobiliza-

tion occurring at lower initial N concentrations and

higher C : N. Accordingly, the only leaf litter in our

study that showed no net N immobilization (DRGL)

had an initial N concentration of 2.0% and a C : N of 24.

All root litter species had low initial N and high C : N

relative to the net immobilization breakpoint, suggest-

ing that N immobilization would be observed during

decomposition. However, relatively linear patterns in N

release were observed for all root litter species. This is

consistent with recent work showing that roots across

all LIDET sites released N linearly with mass loss,

regardless of species or location (Parton et al., 2007). In

Table 5 Predictors of nitrogen release from root litterw

Factor(s) Root R2

MR 0.64

MR 1 MAP 0.66

MR 1 MAT 0.65*

MR 1 AET 0.67

MR 1 CDI 0.66

MR 1 %N 0.72

MR 1 C : N 0.79

MR 1 lignin : N ns

MR 1 lignin 0.66

MR 1 NPE 0.72

MR 1 tannins ns

MR 1 WSC 0.72

MR 1 ASC ns

MR 1 % N 1 NPE 0.79

MR 1 % N 1 WSC 0.75

wRegressions of root N remaining vs. climate and chemical

parameters are shown (all concentrations are in %). Percent N

remaining is of initial N for each tissue type; data from all

species at all sites are included. Fraction of ash-free mass

remaining (MR) was included as the main explanatory factor

in all regressions. The simplest model with the best fit

is shown in bold and has the following equation, where

Nf is fraction of N remaining in root tissue and C : Ni is initial

tissue C : N:

Nf 5 0.01�MR�0.01�C : Ni�0.5.

*Po0.1 for one factor. For all other factors and for regressions

overall, Po0.05.
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our study, initial N was not a reliable indicator of net N

immobilization in root tissues; mass loss was the best

predictor of net N release, suggesting that N was less

limiting to decomposition of root tissues compared with

foliar tissues. We observed short-term net immobiliza-

tion only for DRGL roots, the single tropical species in

the study. DRGL did not have the lowest initial N

concentration among root species but did have the

highest C : N. Notably, DRGL root litter also had the

highest initial concentration of nonpolar extractives,

which we identified as one of the best predictors of

net N release from root tissues. Nonpolar extractives

have not previously been linked to net N release pat-

terns, but our data suggest that they may be directly or

indirectly related to N release from roots in tropical

sites.

We observed some site-level differences in leaf litter

N dynamics. Montane tropical forests are often as-

sumed to be N-limited (Tanner et al., 1998), and one

might expect to see higher net N immobilization at

these sites. Although MTV, a montane cloud forest,

had higher rates of net N immobilization than some of

the lower elevation sites, we also found considerable

net N immobilization in the lowland dry forest (GSF,

Fig. 4). The lower elevation tropical forests with the

most rapid decomposition rates (LUQ and BCI) had the

lowest net N immobilization.

Comparisons with native species litter decomposition
studies

Decomposition rates reported here were generally si-

milar to compiled data on decomposition rates of native

species at the same sites, with the exception of LBS. Our

regressions of MAP and MAT vs. leaf k-values for the

compiled dataset showed a positive relationship be-

tween decomposition and MAP across litter species to

5500 mm MAP (Fig. 5). The relationship we found

between leaf litter decomposition and precipitation is

consistent with a 2-year study along a 500–5500 mm

precipitation gradient in Hawaiian tropical forests

(Austin & Vitousek, 2000), but contrasts with another

precipitation-gradient study in Hawaii, which reported

an inverse relationship between decomposition and

precipitation, presumably due to the prevalence of

anoxic conditions in wetter soils (Schuur, 2001). Site

effects on decomposition could be related to factors

other than climate and substrate quality, such as the

Table 6 Decomposition rate constants for native species studies in tropical Long-Term Intersite Decomposition Experiment

(LIDET) sites and Hawaii

Study Site Species

Length of

study (year)

k-value

(mean � SE)

Cornejo et al. (1994)* BCI Anacardium, Hyeronima, Prioria,

Quararibea, Tetragastris

0.5 0.61 � 0.11

Wieder & Wright (1995)w BCI Unidentified native species 5 1.65 � 0.04

Lugo & Murphy (1986) GSF Unidentified native species 2.1 0.413

Kershnar & Montagnini (1998)* LBS Mixed native species 1 2.4

Horn & Montagnini (1999)* LBS Mixed native species 1 3.8

Bloomfield et al. (1993) LUQ Dacroydes excelsa 1 1.6

Bloomfield et al. (1993) LUQ Prestoea montana 1 1.3

Ruan et al. (2005) LUQ 6 1 native species 1 1.30 � 0.08

Dechaine et al. (2005) LUQ 6 1 native species 1 1.47

Shiels (2006) LUQ Cyathea (tree fern) 1 0.93 � 0.06

Shiels (2006) LUQ Cecropia 1 0.68 � 0.06

Nadkarni & Matelson (1992)w,z MTV Unidentified native species 3 0.69

Clark et al. (1998) MTV Native bryophyte 1.25 0.56

Austin & Vitousek (2000)§ Hawaii Metrosideros polymorpha (dry-site litter) 2 0.16–0.06

Austin & Vitousek (2000)§ Hawaii Metrosideros polymorpha (wet-site litter) 2 0.22–2.06

Schuur (2001) Hawaii Metrosideros polymorpha 1.25 0.35–1.48

*k-values were not reported, available mass loss data were used in a single exponential decay model to calculate k-values.

wDecomposition rate determined by mass balance.

zLeaves, roots, and twigs decomposed.

§Litter was decomposed over a rainfall gradient spanning five sites: 500, 900, 1500, 2200, 5000 mm. Dry-site litter was collected at the

500 mm site, and wet-site litter was collected at the 5000 mm site; both litter types were decomposed across the Hawaiian

precipitation gradient for this study.
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composition and activity of local soil fauna (Heneghan

et al., 1999; Alhamd et al., 2004), or other unmeasured

edaphic conditions (Scowcroft et al., 2000). Our results

imply that the LIDET dataset was generally representa-

tive of native species decomposition in tropical forests,

including the potential for very high rainfall to suppress

decomposition of specific litters at individual sites

(Appendix A).

Conclusions

Our results have important implications for predicting

rates of C and nutrient cycling in tropical forest biomes

in a changing world. We found strong correlations

between climate and decomposition rates in neotropical

forests, especially during early stages of decomposition.

Our results add to the growing evidence that tropical

forest biogeochemical cycles are sensitive to even small

changes in climate. Tropical forests account for a sig-

nificant proportion of global C pools and fluxes, and in

future decades, these environments are projected to

experience warming, precipitation changes, and in-

creasing anthropogenic N deposition, all of which are

likely to alter rates of C and nutrient cycling. Under-

standing the relative importance of climatic and chemi-

cal controls on decomposition rates improves our

ability to predict ecosystem responses to global change.
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Appendix A

Table A1 Long-term time-integrated k-values (year�1) for

LIDET species* across sites and tissue types

Tissue type Species BCI GSF LBS LUQ MTV

Leaf ACSA 1.28w 0.18 0.77 1.15 0.47

DRGL 2.54w 0.40 1.08 2.17 0.67

PIEL 0.45w 0.13 na na na

PIRE na na 0.43 0.65 0.23

QUPR 1.23w 0.25w 0.50 0.67w 0.44w
THPL 0.71 0.12 0.49 1.06w 0.40

TRAE 1.43 0.50w 0.65 1.61 0.61

Root ANGE 1.14 0.54 0.82 1.57 0.62

DRGL 1.00 0.42 0.69 1.01w 0.52

PIEL 0.30 na 0.36 0.59w na

PIRE na 0.31w na na 0.35w

*Only one Pinus species was decomposed at each site for

leaves and roots.

wDenotes combinations of site, species, and litter type for

which k-values were calculated using a single-phase time-

integrated decomposition model. All other combinations were

best described using a two-phase model.
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