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ABSTRACT

We investigated the decomposability of soil organic

matter (SOM) along a chronosequence of rainforest

sites in Hawaii that form a natural fertility gradient

and at two long-term fertilization experiments. To

estimate turnover times and pool sizes of organic

matter, we used two independent methods: (1)

long-term incubations and (2) a three-box soil

model constrained by radiocarbon measurements.

Turnover times of slow-pool SOM (the intermedi-

ate pool between active and passive pools) calcu-

lated from incubations ranged from 6 to 20 y in the

O horizon and were roughly half as fast in the A

horizon. The radiocarbon-based model yielded a

similar pattern but slower turnover times. The

calculation of the 14C turnover times is sensitive to

the lag time between photosynthesis and incorpo-

ration of organic C into SOM in a given horizon. By

either method, turnover times at the different sites

varied two- or threefold in soils with the same cli-

mate and vegetation community. Turnover times

were fastest at the sites of highest soil fertility and

were correlated with litter decay rates and primary

productivity. However, experimental fertilization at

the two least-fertile sites had only a small and

inconsistent effect on turnover, with N slowing

turnover and P slightly speeding it at one site.

These results support studies of litter decomposition

in suggesting that while plant productivity can re-

spond rapidly to nutrient additions, decomposition

may respond much more slowly to added nutrients.

Key words: carbon; nitrogen; phosphorus; tropi-

cal forest; 14C; microbial biomass; decomposition.

INTRODUCTION

Rates of decomposition of soil organic matter

(SOM) vary widely among ecosystems, with much

of this variation attributable to the influence of soil

temperature, moisture, texture, and disturbance

(Singh and Gupta 1977; Gupta and Singh 1981;

Linn and Doran 1984; Parton and others 1987;

Anderson 1988; Beyer 1991; Nadelhoffer and oth-

ers 1991; Raich and Schlesinger 1992; Howard and

Howard 1993; Trumbore 1993; Biederbeck and

others 1994; Hassink 1994; Townsend and others

1995; Trumbore and others 1996). Substantial

uncertainties remain in estimates of SOM turnover

times in different ecosystems, including how

turnover is affected by the nutrient status of eco-

systems and by soil mineral composition. We

investigate SOM decomposition across gradients of

fertility and mineral composition, and compare two

methods of estimating SOM turnover time.
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The influence of soil nutrient availability on

decomposition has two components—direct effects

on decomposition and indirect effects on the

decomposability of organic material. Both have

been investigated for plant litter decomposition.

Experimental studies of direct effects on litter have

yielded variable responses, with some studies

finding stimulation of decomposition by added

nutrients, others finding no effect, and a few

finding inhibition of decomposition (summarized

in Hobbie and Vitousek 2000a). In contrast, the

influence of nutrient availability on the decom-

posability of plant litter (litter quality) is reasonably

well-established, at least over the long term. High

nutrient availability leads to higher concentrations

of nutrients in litter, which are correlated (either

directly or through lignin:N ratio) with more

decomposable litter (for example, Swift and others

1979; Melillo and others 1982). Common-substrate

experiments have found more rapid litter decom-

position on more fertile soils (Vitousek and others

1994; Ostertag and Hobbie 1999; Hobbie and

Vitousek 2000a) but lower decomposition rates

under long-term N additions (Magill and Aber

1998).

Compared to litter studies, much less empirical

or theoretical work has been done on the rela-

tionship between nutrient availability and

decomposition of SOM. The avenues of nutrient

influence on SOM decomposability and decom-

position rate may include litter quality, nutrient

availability to microbes in the soil environment,

and long-term adaptation of plants or microbes to

persistent nutrient conditions. Soil texture and

mineralogy play an important role in long-term

stabilization of SOM. For example, in Hawaii,

noncrystalline minerals such as allophane stabilize

organic carbon for tens of thousands of years in

the deep soil (Torn and others 1997). How min-

erals influence the decomposition of rapidly cy-

cling SOM pools is poorly understood, although

isotopic-labeling experiments demonstrate that

allophane (in particular) can slow decomposition

of fast-cycling carbon (Saggar and others 1994).

Other metastable products of weathering, alumi-

num and iron ions, are also hypothesized to form

organometal chelates that stabilize C on decadal

time scales (Torn and others 2002). Rates of soil

carbon cycling can be modeled by grouping or-

ganic matter into three pools: active SOM with

annual turnover, slow or intermediate SOM with

decadal turnover, and passive SOM with turnover

times on the order of centuries or millennia [for

example, Century (Parton and others 1987) and

Rothamsted (Jenkinson 1990) SOM models].

Organic matter that cycles on intermediate time

scales makes up more than half of the organic

carbon in the upper meter of most of the world�s
soils, including most of our study sites (Schimel

and others 1994; Trumbore 1997). As such, it

likely represents the largest pool of terrestrial

carbon that can respond to environmental chan-

ges on decadal time scales (Townsend and others

1995; Trumbore and Torn 2004). For this reason,

we focus on this pool of carbon.

There are three methods for estimating the

turnover time of intermediate-cycling SOM: (1) by

long-term (>6 months) soil incubations (Townsend

and others 1997); (2) by modeling the 14C content

of the soil, which reflects the incorporation and loss

of the atmospheric ‘‘bomb’’ spike (14C produced by

aboveground nuclear weapons testing, mostly be-

tween 1959 and 1963) by organic matter (Trum-

bore 2000); and (3) after a change between C3 and

C4 vegetation, by using the 13C content of SOM to

calculate turnover time under certain equilibrium

assumptions (Balesdent and others 1988; Veldk-

amp 1994). Each of these methods has limitations.

Incubations disturb the soil and take place under

unrealistic conditions. Radiocarbon-based model-

ing is limited because of nonunique model solu-

tions and the varying age of carbon inputs to the

soil (Trumbore 2000). Vegetation change causes

disturbance and nonsteady-state conditions. In

addition, these methods capture different types of

SOM and time scales of decomposition. Incubations

show the relative turnover times of organic matter

in different soils under controlled conditions and

without plant–soil interactions. The 14C-based

turnover times reflect long-term patterns in the

residence time of carbon in the plant–soil system

in situ. In concert, though, these methods provide

useful information on SOM turnover.

This study has two objectives: to determine how

turnover times in the surface horizons vary as a

function of soil fertility and mineral composition,

and to compare incubation and radiocarbon

methods of estimating SOM turnover time. We

characterized SOM cycling in a set of six sites that

vary in soil development and nutrient status. We

chose these sites because they differ substantially in

nutrient availability and nutrient limitation —our

factors of interest—while varying little in climate,

parent material, topography, and plant community

composition (Crews and others 1995; Vitousek and

others 1997; Chadwick and others 1999). We are

not interested in soil age or succession per se, but

rather in the well-controlled variation in mineral-

ogy and nutrient availability that this gradient

provides. In addition, we used long-term fertiliza-
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tion experiments at the youngest and oldest sites

(300 y-and 4.1 million y) to test the direct effect of

soil nutrients on SOM turnover.

SITE DESCRIPTION

The study was conducted on a chronosequence of

six sites of ages 300 y to 4.1 million y, spanning the

islands of Hawaii, Molokai, and Kauai (Crews and

others 1995). Site ages and names are given in

Table 1. The sites are located in cool (16�C mean

annual temperature, MAT), wet (2500 mm mean

annual precipitation) native rainforest, 1200 m

elevation, at locally level areas where erosion and

deposition were minimal (Chadwick and others

1999). The same native tree species, Metrosideros

polymorpha, dominates live biomass and litterfall at

all sites, and all sites share understory species (Ki-

tayama and Mueller–Dombois 1995). The ratio of

root-to-shoot C input is fairly consistent among

sites, but the depth of rooting varies (Ostertag

2001). Approximately 85% of the fine roots are

found within the top 20 cm at the 0.3 ky site, 30 cm

at the 20 ky site, and 15 cm at the 4,100 ky site

(Ostertag and Hobble 1999). The pH of the O

horizon is acidic, ranging from 3.9 (0.3 ky site) to

3.7 (4,100 ky site) (Hobbie and Vitousek 2000a).

The A horizon is slightly less acidic.

The chronosequence sites form a gradient in soil

development and nutrient availability. Soil nitrogen

accumulates with site age. Plant-available phos-

phorus increases during early soil development but

declines at progressively older sites (Crews and

others 1995). Metrosideros populations vary across

the sites in the efficiency of nutrient resorption

during leaf senescence (Herbert and Fownes 1999),

and litter quality tends to mirror site nutrient avail-

ability. Concentrations of N and P in foliage and litter

are lowest at the youngest and oldest sites, as is net

primary productivity (NPP) (Table 1; Vitousek and

others 1995; Herbert and Fownes 1999). Litter

quality, as defined by decomposition rates of litter

from all the sites decomposed at a common site, is

highest for litter from the intermediate-aged sites

and lowest for litter from the oldest site. Litter bags

using a common substrate show that the environ-

ment for litter decomposition is also most favorable

at the two intermediate-aged sites, which have the

highest nutrient availability (Crews and others 1995;

Hobbie and Vitousek 2000a). The nutrients that are

limiting to NPP undergo a transition from N at the

youngest site to P at the oldest site (Vitousek and

others 1997; Vitousek and Farrington 1997; Herbert

and Fownes 1999). The long-term fertilization plots

have received semiannual additions of nitrogen,T
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phosphorus, and nitrogen plus phosphorus (100 kg

ha)1 y)1 of each nutrient). Fertilization began at the

0.3 ky site in 1985 (Vitousek and others 1993) and at

the 4,100 ky site in 1991 (Herbert and Fownes 1995).

Soil mineral composition varies with site age,

and mineral content is always higher in the A

horizon than in the O horizon (Table 2). The

mineral soil (A horizon and lower) has increasing

amounts of noncrystalline minerals up to the 150

ky site [Kohala; referred to as 170 ky in Torn and

others 1997) and Chadwick and others (1999)

(Crews and others 1995; Vitousek and others

1997)] and of kaolinite and sesquioxide thereafter

(Torn and others 1997; Crews and others 1995;

Vitousek and others 1997; Chadwick and others

1999). Five of the soils are classified as Andisols and

the 4,100 ky site is an Oxisol. Soil texture is not

easily determined in Andisols or soils derived from

basaltic lava (Nanzyo and others 1993; Nettleton

and others 1999). The standard techniques tend to

underestimate clay content, although a relative

measure of the fine fraction may be approximated

as 2.5% · 15-bar water content. Table 2 shows

texture, 15-bar water content, and sodium-pyro-

phosphate-extractable Fe3+ and Al3+ determined by

the U.S. Soil Survey, Lincoln, Nebraska, for soils

sampled near our transects.

We sampled the O and A horizons—the organic

surface horizon and the first mineral horizon below

it. The O horizon receives plant inputs from leaf

litter and roots, while the A horizon gets carbon

inputs from roots and decayed organic matter

moving down the soil profile. On average the or-

ganic matter of the A horizon is older and in a later

stage of decay than at the surface. We expected that

the influence of site fertility or added nutrients, if

any, would be more important in the O horizon,

whereas the A horizon might reflect the influence

of minerals on carbon decomposition and stabil-

ization.

METHODS

In the unfertilized soils, the soil O and A horizons

were sampled from 10 soil pits dug at 10 m inter-

vals along two transects per site. Approximately

500–700 g of material were collected from each pit.

Samples were not composited; there were 10 rep-

licates for each analysis described below except

radiocarbon content. In the long-term fertilization

experiment, soils were collected by corer (10 cm

inner diameter) and divided into O and A horizons

in the field as soil was removed from the corer.

Samples were analyzed from four replicate plots for

each fertilization treatment, with each sample aT
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composite of three soil-core collections. Five of the

fertilizer treatment plots at the 4,100 ky site lacked

either an O or an A horizon. As a result, n = 2 for A

horizon N fertilization; n = 3 for A horizon control,

A horizon N+P, and O horizon N+P. The date of

collection was 5.5–6 months after the last (semi-

annual) fertilization. Soil samples from both the

main study plots and fertilized plots were collected

on Hawaii (site ages = 0.3, 2.1, 20, and 150 ky) in

July 1996, and from the 1,400 and 4,100 ky sites in

October 1996.

After collection, soils were flown in coolers to

California and processed within one week. Field-

moist soil was sieved at 4 mm to minimize distur-

bance of soil aggregates. Fine roots and undecom-

posed leaves were picked out manually. As a result,

most of the Oe layer was removed during sieving

and manual extraction, leaving predominantly the

Oa horizon. Samples were refrigerated until pro-

cessing and analysis. Total carbon and nitrogen

content of ground soils was measured using a Fi-

sons or Carlo Erba elemental analyzer. The soil

mineral and texture analyses described above and

bulk density were determined for soils sampled in

1994 from a single soil pit at each site, located near

the transects sampled for the current analysis (Torn

and others 1997; Chadwick and others 1999).

Incubations

Soils were incubated for 9 months. For incubations,

field-moist soil (approximately 6 g dry weight) was

placed in a 50 mL plastic beaker with drainage

holes at the bottom, lined with a glass filter. The

beakers were placed in 1 L glass Mason Ball jars and

kept in a growth chamber at 16�C, the average

annual site temperature. Soils were brought to and

maintained at field capacity with periodic additions

of de-ionized water.

Flux-measurement periods ranged from 20 h

during the first month to 48 h after 6 months.

Based on the CO2 concentrations in the jars, oxy-

gen limitation was never approached (oxygen

consumed by CO2 production was never more than

1%). Gas samples were analyzed within 24 h with a

Shimadzu gas chromatograph and thermal con-

ductivity detector or a closed-loop Li-Cor LI-6200

portable infrared gas analyzer. Between flux-mea-

surement periods, jars were covered with polyeth-

ylene film to prevent moisture loss. Before each

measurement period, the jars were aired out and

then capped with lids fitted with rubber septa for

sampling by syringe. Headspace CO2 samples were

collected into glass syringes at the beginning and

end of each period.

Extractable and Microbial C, N, P

Microbial C, N, and P were measured by the chlo-

roform fumigation–extraction method (CFEM) on

sieved, undried splits of each sample within one

week of collection. Fumigated soils were exposed to

chloroform in a darkened vacuum dessicator for

36–48 h. Approximately 6 g fumigated or unfumi-

gated (control) soil was extracted with 0.5 M K2SO4

for C and N (Brookes and others 1985; Vance and

others 1987; Beck and others 1997) and with Bray�s
solution for extractable P (Bray and Kurtz 1945),

using 50 or 75 mL extractant. Soil solutions were

shaken for 1 h and refrigerated overnight before

filtering. Extracts were Kjeldahl-digested and ana-

lyzed for total N and total P with an Alpkem ana-

lyzer. Extract carbon content was measured with a

Shimadzu TOC-5050A. Extractable C, N, and P

were determined from the control (unfumigated)

soils. Microbial C, N, and P were estimated as the

difference between the amount in unfumigated

and fumigated soils; no conversion for extraction

efficiency was used; hence, values represent the

relative content of the different soils.

Radiocarbon Analysis

Radiocarbon measurements and modeling were

performed for the main study plots but not for the

long-term fertilization experiments. The radiocar-

bon content of SOM in each horizon was determined

for a single composite of the 10 soil pits sampled at

each site, using a split of the ground soil used for total

carbon and nitrogen analysis. Radiocarbon content

was measured by accelerator mass spectrometry

(AMS) at Lawrence Livermore National Laboratory

(LLNL). Results are reported as D14C, the per mil

deviation from a standard normalized for 13C con-

tent (Stuiver and Polach 1977). AMS analytical

precision was reported at 5–7& for these samples.

Graphite AMS targets were prepared at the LLNL

Center for AMS via hydrogen reduction (Vogel and

others 1984). Compositing and AMS target prepa-

ration were repeated using sealed-tube zinc reduc-

tion (Vogel 1992) at the University of California,

Irvine, for the 150 ky site A horizon and the 20 ky O

and A horizons. Radiocarbon values between repli-

cates differed by only 2&, 3&, and 6&, respectively.

The calculation of D14C from raw AMS output

requires a correction for the sample�s 13C/12C ratio.

The 13C content of an aliquot of the CO2 that was

isolated for AMS was analyzed with a dual-inlet

isotope ratio mass spectrometer, for all samples

except the 20 ky site. For this site, the correction

used the average 13C value of the other sites.
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Turnover Time

Assuming first-order kinetics, the rate of CO2 pro-

duction by decomposition of organic matter is the

product of the quantity of C and its decomposition

constant (k): CO2 respired = kC. Turnover time (s) is

the reciprocal of decomposition rate, and thus CO2

respired = C/s. The CO2 respired from a soil that is

represented by three pools of SOM can be ex-

pressed as the sum of fluxes from each pool, or

ROM ¼ Ra þ Rs þ Rp ¼ Ca

sa
þ Cs

ss
þ

Cp

sp
ð1Þ

where R = respired CO2 (g C mineralized d)1 g

soil)1), C = soil C (g), and subscripts OM = total

SOM, a = active, s = slow, and p = passive.

Passive Soil Organic Matter C

Turnover time for the slow pool of SOM was esti-

mated in two ways: from the incubations and from a

box model constrained by soil radiocarbon content.

Both approaches required estimating the amount of

passive C, that is, carbon with a very long turnover

time (hundreds to thousands of years). Most passive

C is either stabilized by minerals or chemically re-

calcitrant. The quantity of mineral-stabilized C was

estimated using the regression model for passive C

versus noncrystalline mineral content generated for

these soils by Torn and others (1997), with data

shown in Table 2. Mineral-stabilized C was 2.0%–

3.6% of total soil C in the O horizon and 2.7%–

7.0% in the A horizon. We arbitrarily assumed total

passive C to be twice the amount of mineral-stabi-

lized C. Outcomes were not sensitive to this

parameterization: Assigning the amount of passive

C as either 1 · or 2 · mineral C had only a small

effect on the estimated turnover time of the slow

pool. Other approaches to estimating the amount of

passive C are not generally applicable to Andisols

(Falloon and others 1998).

Active Soil Organic Matter C (Active
SOM)

We estimated active SOM (substrate that is decom-

posable in less than one year) in two ways. First, we

estimated active SOM from CO2 respired in the

incubations. Typically in incubations, the initial

respiration rate drops off quickly to a steady baseline

level that reflects decomposition of slow-pool carbon

(Townsend and others 1997). The C mineralized in

the initial pulse above the baseline level is identified

as the active SOM. The size of active SOM calculated

in this way does not depend on the rate of decline as

long as nearly all the active C is mineralized within

the time of integration. Operationally, Ca was cal-

culated from the cumulative CO2 respired during the

first two months of the incubation:

Ca %ð Þ ¼

Pt¼60

t¼0

Rt
OM � Rt

s

COM
� 100% ð2Þ

where t = time (d); R = CO2 respired (g C d)1 g

soil)1); and subscripts for C pool are OM = total

SOM, a = active, and s = slow. ROM was measured

at each time point, and Rs was estimated as de-

scribed below (that is, we assumed that the baseline

level of R, the respiration rate measured after the

respiration pulse of active C, was Rs). We selected

two months as the integration time because the

decay rates for all sites had leveled off by that time.

Second, we estimated the minimum amount of

active SOM as the sum of microbial carbon plus

extractable carbon, since microbial carbon and

extractable carbon are included in the active pool

of soil models (for example, Parton and others

1987). To estimate microbial biomass, we assumed

that chloroform-labile C represented 0.38 of total

microbial C (Voroney and others 1993).

Incubation Approach to Modeling
Turnover Time and Proportion of Slow C

Theoretically, a time series of respiration rate from

an incubation can be fit by a sum of exponential

decay terms, where each term represents one of the

carbon pools and its turnover time. In practice, al-

though the incubation data from some of the sites

could be fit smoothly by this model, this approach

yielded no statistical improvement in fit between a

one- and a multi-term exponential model. For this

reason, we adopted the approach used by Townsend

and others (1997) to solve for sS analytically, by

estimating Rs and Cs. Townsend defined Rs as the

respiration rate in the latter period of the incubation

when the respiration rate has leveled off, which

occurs when the active C has burned off and the

remaining respiration results from decomposition of

the slow-cycling organic matter (Townsend and

others 1997). The respiration rate followed this

model, with a relatively constant rate (Rs) after 60

days. We calculated Cs by subtracting active and

passive C from total C. CP and Ca were approximated

as described above.

14C Approach for Modeling Turnover
Time of Slow C

The model equations and a full description of the
14C-based modeling approach are given in the
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Appendix. We estimated the turnover time of

slow-pool SOM with a stock-flow model of pas-

sive, slow, and active C pools that kept track of C

and 14C in annual time steps (Trumbore 1993).

The radiocarbon content of SOM is a function of

the 14C added in new C inputs and the 14C lost

because of decomposition and radioactive decay.

Because we can measure or closely estimate the

input and radioactive decay terms, it is possible to

solve for the decomposition rate, or turnover time.

For each sample, we solved for the turnover time

of the slow pool at which the model-predicted

D14C for the whole soil matched what we mea-

sured. The model requires parameterization of the

amounts and turnover times of active and passive

carbon. As described above, we estimated the

amount of active C from the microbial biomass

and incubation, and the amount of passive C from

the mineral content.

Radiocarbon modeling also requires estimating

the 14C content of C inputs to the horizon,

determined by the year the C was fixed by plants

in relation to the year that C entered the soil

horizon of interest (the ‘‘age of inputs’’) (Perruc-

houd and others 1999). In most published 14C soil

studies, the age of inputs is assumed to be the

same for all soil horizons and is based on the

lifetime of leaves, usually 1–2 y (for example,

Townsend and others 1995; Harrison 1996;

Trumbore and others 1996).

In fact, C inputs to soil horizons may be signifi-

cantly older than previous studies have assumed.

Inputs to the O horizon are older because (1) leaves

must partially decay before being included in the

Oa horizon; (2) fine roots live longer than leaves in

many forest ecosystems (Ostertag and Hobbie 1999;

Gaudinski and others 2000); and (3) twigs, bran-

ches, and other long-lived material make an epi-

sodic but potentially significant contribution to

plant litter. Deeper horizons receive C from roots as

well as material leached from above that may be

decades old (Trumbore and others 1992).

In the 14C modeling, we took into account the lag

time between photosynthesis of C and its incorpo-

ration into SOM by calculating the flux-weighted

average age of C input, including leaf, root, and

dissolved organic carbon (DOC) input sources (see

equations in Appendix). For the O horizon, a lag

time could be calculated from the root and leaf

lifetimes, decay times, and relative input rates. For

the A horizon, the age of inputs was not well

constrained: Assuming 30% DOC input and the

slowest plausible O horizon turnover time, input

ages were on the order of 20 years, whereas

assuming only 10% input from DOC and fast O

horizon turnover, input ages to the A horizon

ranged from 8 to 11 years, depending on the site.

We chose a ‘‘best estimate’’ scenario, which yielded

intermediate ages, to use in the modeling results

presented here (Appendix and Table 3).

RESULTS AND DISCUSSION

Total Soil Carbon and Nitrogen

The O horizon had high carbon content, ranging

from 15% to 20% at the youngest sites to over 40%

at the four oldest sites (Table 4).

In the A horizon, carbon content was more

variable but followed roughly the same pattern,

with a large increase in carbon concentration be-

tween 2.1 ky and 20 ky sites. Compared to O

horizon samples, the A horizon had lower con-

centrations of C and N, and the organic matter had

a narrower range of C:N ratios (Table 4).

CO2 Respiration

Over the first two months of the incubation, the

daily respiration rate decreased sharply. After 60

days, the respiration rate of nearly all replicates

had leveled off and would change very little over

the subsequent 7 months. The short-term drop in

respiration rate is usually attributed to the

exhaustion of the active carbon pool, which is not

replenished in incubations (for example, by root

exudates). Disturbance of soil structure during

collection and processing may also create a pulse

of labile C that contributes to the short-term spike

in respiration (T. Fries personal communication;

Baisden and others 1996). The initial respiration

rates in the incubations were higher than soil

respiration rates measured in the field (Herbert

and Fownes 1999; Torn, data not shown) or eco-

system NPP (Vitousek and others 1997) at each

site (multiplying the initial incubation respiration

rate by the carbon content per square meter in the

surface horizons). The radiocarbon-predicted

fluxes (based on turnover times given below) are

more commensurate with, but still higher than,

in situ soil respiration.

When integrated over the time-course of the

incubation, the small but consistent differences in

respiration rates among sites added up to large

differences in cumulative CO2 evolution (Fig-

ure 1). The data are presented per gram of soil C,

so that differences in flux rates reflect differences

in SOM decomposability, not the amount of or-

ganic carbon in each soil. In the O horizon, an

intermediate-aged site (150 ky) had greater

cumulative emissions than all the other sites, and
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the oldest site had less respiration than all the

other sites (Tukey�s post hoc comparison, P < 0.05).

The same relationships held for A horizon soils,

except that the 4,100 ky site shared the bottom

position with the 20 ky site (P < 0.05). At all sites,

the A horizon had much slower emission rates

than the O horizon (P < 0.01) except at the

youngest site, where this difference was barely

significant (P < 0.1) due to one outlier.

Microbial and Extractable C, N, P

At each site, microbial C, N, and P were higher in

the O horizon than in the A horizon (Table 5a and

Figure 2a). However, microbial biomass was the

same proportion of total SOM in the A and O

horizons (Figure 2b). Across sites, microbial bio-

mass C, N, and P were positively correlated with

SOM content. Thus, looking across sites or between

horizons, total microbial biomass did not vary with

availability of mineralizable C or decomposition

rate. Table 5a also shows results for extractable C,

N, and P from the unfertilized soils.

Fraction Active Carbon

We estimated the quantity of active C as (1) the

sum of microbial and extractable C or (2) the C

evolved during the initial period of incubation. The

two measures gave different quantities and, in the

O horizon, different patterns. Microbial + extract-

able C ranged from 0.5% to 2% of soil C or 0.1% to

0.6% of total soil (Table 5a). It was distributed in

proportion to the total carbon content of the soil,

except that active C was a smaller proportion of

total C in the 4,100 ky site A horizon compared to

other sites. Active carbon estimated via incubation

ranged from 0.8% to 7.6% of soil C or 0.2% to

3.5% of soil (Figure 3). In the O horizon, it was

distributed in roughly constant proportion to total

soil carbon, whereas in the A horizon the total

amount of active C (that is, per gram soil) was

similar at all sites.

Pool Sizes: Proportions of Active, Slow,
and Passive C

Using the active pool as estimated by the incuba-

tions, the O horizon on average consisted of about

5% active C, 89% slow C, and 6% passive C. The

range in values for slow C across sites was narrow,

88%–91%. The A horizon consisted of about 3%

active, 82%–90% slow, and 7%–15% passive C,

where the amount of passive C was estimated from

the mineral content.T
a
b

le
3
.

A
g
e

o
f

C
In

p
u

ts
to

th
e

O
a
n

d
A

H
o
ri

zo
n

s:
L
a
g

T
im

e
o
r

R
e
si

d
e
n

ce
T
im

e
o
f

C
in

P
la

n
t

a
n

d
L
it

te
r

P
o
o
ls

B
e
fo

re
It

E
n

te
rs

S
O

M
P
o
o
ls

O
H

o
ri

zo
n

A
H

o
ri

zo
n

S
it

e
a
g
e

(y
)

L
iv

e
ro

o
t

tu
rn

o
v
e
r

ti
m

e
a

(y
)

R
o
o
t

li
tt

e
r

tu
rn

o
v
e
r

ti
m

e
a

(y
)

L
e
a
f

tu
rn

o
v
e
r

ti
m

e
b

(y
)

L
e
a
f

in
p

u
tb

(g
C

m
)

2

y
)

1
)

R
o
o
t

in
p

u
t

(g
C

m
)

2

y
)

1
)

L
e
a
f

li
tt

e
r

tu
rn

o
v
e
r

ti
m

e
(y

)

A
g
e

o
f

in
p

u
ts

(y
)

D
O

C
in

p
u

t

(g
C

m
)

2

y
)

1
)

R
o
o
t

in
p

u
ta

(g
C

m
)

2

y
)

1
)

A
g
e

o
f

in
p

u
ts

c

(y
)

3
0
0

1
.5

2
.4

4
.8

1
9
1

4
3

3
.3

d
2
.6

e
5

7
0

3
5

3
1

2
,1

0
0

4
f

2
3

f

2
0
,0

0
0

2
.1

2
.5

2
.4

2
1
5

3
4

1
.3

d
1
.2

e
3

7
5

2
3

1
6

1
5
0
,0

0
0

1
.7

2
5
3

0
.7

d
3

f
2
1

f

1
.4

·
1
0

6
2
.8

2
5
7

4
f

2
1

f

4
.1

·
1
0

6
6
.3

3
.8

2
.6

1
5
3

1
8

5
.0

d
3
.8

e
5

5
1

1
0

2
6

a
O

st
er

ta
g

a
n

d
H

ob
b
ie

(1
9
9
9
).

b
H

er
b
er

t
a
n

d
F

ow
n

es
(1

9
9
9
).

c T
h

e
a
ge

of
C

in
p
u

ts
to

th
e

A
h

or
iz

on
is

b
a
se

d
on

th
e

eq
u

a
ti

on
a
n

d
a

‘‘
b
es

t
es

ti
m

a
te

’’
a

p
ri

or
i

sc
en

a
ri

o
d
es

cr
ib

ed
in

th
e

A
p
p
en

d
ix

:
(i

)
3
0
%

of
O

M
d

ec
om

p
os

ed
in

th
e

O
h

or
iz

on
le

a
ch

es
a
s

D
O

C
to

th
e

A
h

or
iz

on
;

(i
i)

th
e

a
ge

of
D

O
C

in
p
u

ts
to

th
e

A
h

or
iz

on
is

th
e

a
ge

of
m

a
te

ri
a
l

le
a
vi

n
g

th
e

O
h

or
iz

on
(t

h
a
t

is
,

th
e

a
ge

of
m

a
te

ri
a
l

en
te

ri
n

g
th

e
O

h
or

iz
on

+
re

si
d
en

ce
ti

m
e

in
th

e
O

h
or

iz
on

);
(i

ii
)

th
e

re
si

d
en

ce
ti

m
e

of
C

in
th

e
O

h
or

iz
on

is
gi

ve
n

in
T

a
b
le

6
.

d
C

re
w

s
a
n

d
ot

h
er

s
(1

9
9
5
).

e H
ob

b
ie

a
n

d
V

it
ou

se
k

(2
0
0
0
b
).

f T
h

e
a
ge

of
in

p
u

t
fo

r
th

is
si

te
w

a
s

b
a
se

d
p
a
rt

ly
on

d
a
ta

in
te

rp
ol

a
te

d
fr

om
th

e
n

ea
re

st
(i

n
a
ge

a
n

d
lo

ca
ti

on
)

si
te

s
fo

r
w

h
ic

h
m

ea
su

re
m

en
ts

w
er

e
m

a
d
e.

SOM Turnover and Nutrient Availability 359



Turnover Time Based on Incubation

Turnover time of the slow pool of SOM varied

greatly across the age gradient and between soil

horizons (Figure 4). In the O horizon, turnover

times ranged from 6.5 to 20 y. Cycling was slower

in the A horizon, ranging from 16 to 40 y, but rates

in the O and A horizons were positively correlated

(r2 = 0.65, P = 0.05). Turnover time was fastest at

the 150 ky site in both horizons (Tukey�s post hoc

comparison, P < 0.05).

Turnover Time Based on 14C Model

The radiocarbon content of the SOM ranged from

40& to 210&. The positive D14C values indicate

that all horizons had incorporated ‘‘bomb’’ carbon

and were dominated by carbon cycling on decadal-

to-100 y time scales (Table 4a). The slow-pool

turnover time varied four fold across the gradient,

with fastest turnover at sites of highest fertility.

Turnover times were 8–41 y (O horizons) and 22–

92 y (A horizons) across the gradient sites, based on
14C (Figure 4 and Table 8).

The 14C model can be forced to produce

intermediate-pool turnover times as fast as those

in the incubations if we increase the amount of

passive C. For a sensitivity analysis, we calculated

how much passive C the soils would need to

make the 14C model match the incubation out-

come. In that case, the A horizon soils would

Table 4a. Organic Carbon, Nitrogen, and Radiocarbon in Soil

Site age (y) Horizon Depth (cm) Carbon (%) Nitrogen (%) Carbon:Nitrogen D14C (&)

300 O 0–7 19.2 (1.1) 1.1 (0.04) 17.9 (0.7) 184.3

2,100 O 0–10 14.6 (1.4) .98 (0.07) 14.8 (0.58) 174.0

20,000 O 0–6 41.9 (1.6) 2.4 (0.07) 17.7 (0.48) 189.0

150,000 O 0–3 42.1 (1.1) 2.0 (0.13) 21.6 (1.2) 168.7

1.4 · 106 O 0–6 45.7 (0.92) 1.76 (0.03) 26.0 (0.72) 188.9

4.1 · 106 O 0–7 43.4 (2.7) 2.0 (0.13) 21.8 (0.58) 199.8

300 A 7–17 5.2 (0.9) 0.3 (0.56) 16.2 (1.0) 120.1

2,100 A 10–18 7.3 (0.79) .54 (0.05) 13.5 (0.56) 73.9

20,000 A 6–10 31.8 (2.3) 1.9 (0.19) 16.6 (0.69) 39.9

150,000 A 3–10 30.7 (2.2) 1.9 (0.09) 16.5 (1.05) 199.7

1.4 · 106 A 6–9 23.0 (2.6) 1.4 (0.14) 16.3 (0.28) 209.7

4.1 · 106 A 7–11 38.9 (2.23) 2.1 (0.13) 18.3 (0.41) 100.3

For C and N, n = 10, Values are means with standard errors in parentheses. For 14C: n = 1 composite of the 10 cores and analytical uncertainty is approximately 5–7 &

Table 4b. Organic Carbon and Nitrogen in Soil of Fertilized Plots

Site Treatment Horizon Carbon (%) Nitrogen (%) Carbon: Nitrogen

Thurston, Hawai’i (0.3 ky site) Ctl O 17.8 (1.0) 0.92 (0.04) 19.4 (0.69)

N O 20.7 (3.0) 1.07 (0.03) 1.9.4 (2.82)

P O 15.3 (3.4) 0.80 (0.21) 19.8 (1.86)

P+N O 17.3 (1.2) 0.96 (0.05) 18.0 (0.88)

Ctl A 3.7 (0.5) 0.21 (0.04) 18.6 (2.14)

N A 3.9 (0.4) 0.25 (0.03) 16.3 (0.93)

P A 4.3 (0.7) 0.25 (0.03) 17.5 (0.86)

P+N A 4.7 (0.6) 0.30 (0.03) 15.7 (0.62)

Kokee, Kauai (4,100 ky site) Ctl O 32.6 (7.9) 1.55 (0.55) 20.8 (1.30)

N O 36.0 (4.9) 1.80 (0.16) 20.3 (2.61)

P O 33.4 (3.8) 1.55 (0.16) 21.6 (1.13)

P+N O 37.8 (0.8) 1.46 (0.16) 26.4 (2.36)

Ctl A 17.1 (5.1) 0.90 (0.25) 18.7 (0.55)

N A 21.8 (7.4) 1.09 (0.35) 19.8 (0.46)

P A 21.6 (2.5) 1.17 (0.12) 18.5 (0.66)

P+N A 30.4 (11.3) 1.30 (0.43) 22.6 (2.09)

The treatments are control (ctl), nitrogen added (N), phosphorus added (P), and both nitrogen and phosphorus added (N+P). Values are means with standard errors in
parentheses. For Thurston, n = 4; for Kokee, n = 4 except n = 2 for A horizon N fertilization; and n = 3 for A horizon control, A horizon N+P, and O horizon N+P.
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contain 12–22% passive C and 75–85% slow C

(the range of values coming from the range of

sites).

Turnover Times Compared to Other Sites

The results for the chronosequence incubations are

similar to turnover times reported by other studies

of moist tropical forest. For example, near Manaus,

Brazil, the A horizon SOM turnover time in two

intermediate cycling pools is on the order of 5–10

and 70–100 y (Telles and others 2003) [turnover

time was originally reported to be 6 y (Trumbore

1993) but has been recalculated with an additional

time point of 14C data and using a lag time for litter

inputs]. Pastures and forests near our 20 ky site

have turnover times of 4–9 and 15–30 y in the top

20 cm, respectively (Townsend and others 1995).

Trumbore and others (1996) proposed that C

turnover times of well-drained forest soils vary

exponentially with MAT. The incubation-based

turnover times at the two most productive chro-

nosequence sites fit their model very well

(MAT = 16�C, predicted turnover time =18 y). Our

Figure 1. Cumulative CO2 evolution from soils of the (a) O horizon and (b) A horizon. Error bars are ± 1 standard error,

n = 10. Differences in emissions (g C emitted per g soil C) reflect differences in decomposability rather than in amount of

organic carbon. In both horizons, the 150 ky site had greater cumulative respiration than the other sites and the oldest site

had the lowest respiration rate. At each site, the A horizon had lower emission rates than the O horizon.

SOM Turnover and Nutrient Availability 361



study�s turnover times were slower at the less

productive sites or when estimated by radiocarbon.

The average turnover time of SOM in our study

sites was faster than in cooler temperate and boreal

forests (for comparable, well-drained, mineral soils,

intermediate pool; for example, O�Brien and Stout

1978; Trumbore and Harden 1997; Perruchoud and

others 1999; Gaudinski and others 2000) and sim-

ilar to that at Calhoun Forest, a temperate forest

site with the same temperature (MAT 16�C, turn-

over time 12–25 y; Harrison and others 1995;

Richter and others 1999).

Table 5a. Microbial and Extractable Carbon, Nitrogen, and Phosphorus

Microbial C, N, P content (lg/g soil) and ratio Extractable C, N, P (lg/g soil)

Site age (y) Hor. Carbon Nitrogen Phos. C:N:P Carbon Nitrogen Phos.

300 O 654 (57) 176 (18) 27 (3.5) 3.7 : 1 : 0.15 322 (31) 22 (3) 4 (0.6)

2,100 O 287 (34) 77 (13) 23 (4) 3.7 : 1 : 0.3 280 (68) 19 (3) 5 (0.5)

20,000 O 1142 (102) 300 (54) 161 (19) 3.8 : 1 : 0.5 713 (42) 121 (17) 26 (3)

150,000 O 1310 (111) 298 (17) 211 (17) 4.4 : 1 : 0.70 758 (54) 94 (9) 35 (4)

1.4 · 106 O 1373 (82) 165 (13) 199 (17) 8.3 : 1 : 0.11 572 (24) 46 (4) 120 (10)

4.1 · 106 O 980 (94) 106 (4.5) 36 (2) 9.3 : 1 : 0.34 357 (15) 29 (2) 101 (7)

300 A 191 (30) 32 (5) 6 (1) 5.9 : 1 : 0.20 111 (16) 10 (1) 1 (0.1)

2,100 A 344 (46) 67 (13) 9 (3) 5.16 : 1 : 0.13 254 (94) 10 (1) 2 (0.3)

20,000 A 819 (64) 235 (10) 17 (3) 3.5 : 1 : 0.07 424 (20) 36 (2) 5 (0.5)

150,000 A 899 (38) 319 (19) 41 (2) 2.8 : 1 : 0.13 495 (63) 52 (4) 10 (3)

1.4 · 106 A 756 (102) 139 (14) 25 (na) 5.4 : 1 : 0.18 362 (24) 40 (3) 9 (na)

4.1 · 106 A 325 (19) 86 (7) 15 (na) 3.8 : 1 : 0.17 288 (23.5) 29 (4) 72 (na)

Values are means with standard errors in parentheses. Microbial = chloroform labile (that is, calculated as fumigated ) control). n = 10 for extractable elements and most
microbial values, except only positive differences between fumigated and control values were included in averages.

Table 5b. Microbial and Extractable C, N, and P of Fertilized Plots

Microbial C, N, P content (lg/g soil) and ratio Extractable C, N, P (lg/g soil)

Site Hor. Fert Carbon Nitrogen Phos. C : N : P Carbon Nitrogen Phos.

Thurston, Hawai’i O Ctl 755 (47) 118 (2) 28 (1) 6.4 : 1 : 0.23 360 (49) 22 (2) 3 (0.1)

(0.3 ky site) O N 718 (151) 117 (8) 27 (3) 6.2 : 1 : 0.23 546 (156) 28 (3) 2 (0.4)

O P 792 (93) 124 (9) 54 (6) 6.4 : 1 : 0.44 318 (63) 25 (5) 125 (44)

O P+N 632 (62) 102 (0.47) 79 (13) 6.2 : 1 : 0.78 303 (48) 23 (3) 181 (39)

A Ctl 194 (58) 47 (16) 7 (0.3) 4.1 : 1 : 0.15 83 (1) 9 (2) 2 (0.3)

A N 144 (32) 20 (2) 7 (2) 7.0 : 1 : 0.37 112 (25) 9 (7) 2 (0.6)

A P 158 (29) 24 (2) 26 (13) 6.7 : 1 : 1.1 109 (30) 8 (1) 19 (1.2)

A P+N 228 (40) 33 (4) 12 (3) 7.0 : 1 : 0.37 118 (24) 9 (2) 27 (10)

Kokee, Kauai O Ctl 595 (251) 82 (15) na 7.3 : 1 : na 345 (27) 34 (9) 59 (12)

(4,100 ky site) O N 340 (43) 92 (5) na 3.7 : 1 : na 391 (33) 30 (3) 37 (8)

O P 321 (58) 54 (4) na 5.9 : 1 : na 538 (133) 20 (2) 147 (11)

O P+N 164 (56) 36 (4) na 4.6 : 1 : na 510 (60) 30 (6) 134 (10)

A Ctl 189 (56) 38 (5) na 5.0 : 1 : na 253 (78) 20 (4) 6 (0.2)

A N 287 (38) 54 (3) na 5.3 : 1 : na 559 (109) 22 (3) 5 (na)

A P 153 (30) 40 (6) na 3.8 : 1 : na 299 (25) 19 (1) 134 (2)

A P+N 51 (37) 30 (11) na 1.7 : 1 : na 330 (128) 28 (15) 229 (45)

The treatments are control (ctl), nitrogen added (N), phosphorus added (P), and both nitrogen and phosphorus added (N+P). Values are means with standard errors in
parentheses. For Thurston, n = 4; for Kokee, n = 4, except n = 2 for A horizon N fertilization; and n = 3 for A horizon control, A horizon N+P, and O horizon N+P.
Microbial = chloroform labile (that is, calculated as fumigated ) control). Only positive differences between fumigated and control values were included in averages, ‘‘na’’
indicates fewer than 2 replicates with positive microbial phosphorus values.
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The Age of C Inputs to Progressively
Deeper Soil Horizons

An assessment of reasonable root and DOC inputs

suggests that C inputs to soil horizons may be much

older than the leaf lifetime or 2 y value that most

previous isotope studies have used (Feng and oth-

ers 1999). Improving the ability to estimate input

age is important because this parameter has a large

influence on modeling results, and incorporating

more realistic estimates of C input ages improved

the fit of the model to empirical data.

The main control of—and the main uncertainty

in estimating—input age to the O horizon is the

ratio of inputs from woody litter versus leaf litter.

The main determinants of input age to the A

horizon are the amount of DOC entering the A

horizon compared to root inputs and the sources of

DOC. Unfortunately, very little is known about

DOC fluxes in most soils.

The age of inputs had a large effect on turnover

times, particularly at the two youngest sites. There,

our best estimate of A horizon input age was 20–31

y, and, using these input ages, the radiocarbon

model produced turnover times that were 2–3

times faster than if inputs were assumed to be 2 y

old (Table 6). A recent study of two temperate

forests also found that taking into account the

residence time of C in foliar and twig litter (before it

entered the SOM pools) reduced the radiocarbon-

modeled turnover times of SOM by a factor of 2.5

(Perruchoud and others 1999).

For the 14C and incubation models to predict the

same turnover time, the age of C inputs to the A

horizon would have to be about 30 y (specifically, a

lag time of 33 y would make the turnover times of

the 14C model match the incubations for A hori-

zons of five of the six sites). The lag time could be

this long if DOC were derived mainly from SOM

rather than from litter, and/or if woody material

were a significant source of C inputs to soil. In fact,

annual production of twigs and stem wood is

greater than annual production of leaves in these

forests (Herbert and Fownes 1999). If there were

no accumulation of forest biomass (that is, if woody

litterfall were equal to woody productivity), even

the inputs to the Oa horizon would be decades old.

Turnover times in the incubations were about

half as fast in the A horizon compared to the O

horizon at each site, but rates in the two horizons

Figure 2. Microbial biomass C (chloroform

labile C) per (a) gram soil and (b) gram soil

carbon for O and A horizons. Error bars are

± 1 standard error. Only positive differences

between fumigated and unfumigated soils

are included in average, n = 5–10. Across

horizons and most sites, microbial biomass

was a relatively constant proportion of total

soil C. Accordingly, total microbial biomass

was highest at sites with most SOM and

higher in the O than in the A horizon.
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were positively correlated (r2 = 0.65, P = 0.05;

Figure 4). We ascribe slower turnover with depth

to a combination of two factors. First, the A horizon

has more of a mineral matrix to protect organic

matter (Oades 1988). Second, recent leaf litter is

chemically more labile than the roots and later-

stage products that migrate to the A horizon at

these sites (Ostertag and Hobbie 1999). Several 14C

studies have observed that soil C is older with

depth. These results show that both slower turn-

over times and progressively older inputs (Feng and

others 1999) contribute to this trend.

Comparing the Turnover Times
Estimated by Incubations and
Radiocarbon-Based Modeling

Both incubation and 14C methods for determining

turnover time predicted a similar pattern across

sites and between horizons (Figure 4), but the 14C

model estimated slower turnover times than did

the incubations for the youngest sites (correlation

between radiocarbon- and incubation-based turn-

over times for the six sites: A horizon: r2 = 0.79,

P = 0.02; O horizon: r2 = 0.42, P = 0.17). In esti-

mating SOM turnover in pastures, Townsend and

others (1995) also found that a 14C-based model

predicted slower turnover times than did incuba-

tions. The divergence occurs in some measure

because the two approaches are surveying differ-

ent facets of ecosystem carbon cycling. Unlike

incubations, radiocarbon content reflects the total

residence time of carbon in the ecosystem. There

are also several methodological reasons why we

would expect incubations to yield faster turnover

times than a radiocarbon model.

First, sieving soils for incubation may increase

the decomposability of SOM (for example, by

breaking up aggregates). However, the incubation

flux rates follow the same pattern as NPP, sug-

gesting that incubation artifacts are not the domi-

nant source of differences in flux rates among sites.

Second, radiocarbon content reflects the decom-

position rate under in situ climate and biological

conditions, whereas these incubations occurred

under artificial and relatively constant moisture

and constant temperature conditions. Third, soils

are more heterogeneous than we have modeled

Figure 3. Active C as estimated by fluxes

during the initial phase of the incubation.

Error bars are ± 1 standard error, n = 10. In

the O horizon, active C was distributed in

roughly constant proportion to total soil

carbon, whereas in the A horizon the total

amount of active C (that is, per gram soil) was

similar at all sites.
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them. Using only one pool to represent all slow-

pool SOM (cycling at intermediate time scales of

decades to centuries) in the radiocarbon model

yields turnover times that poorly represent the

more dynamic fraction of the SOM. Unfortunately,

available data are often not adequate to constrain a

model that divides the intermediate-cycling mate-

rial into two or more pools.

Fertilization Treatment

At the 0.3 ky site, where productivity is N-limited,

adding N slowed decomposition and adding P in-

creased the rate of decomposition (Figure 5; only

the O horizon had statistically significant treat-

ment effects, with P increasing slow-pool turnover

and N decreasing it, P < 0.004 and P < 0.06

respectively). The amount of active carbon was

lower in the fertilized plots (A horizon: P < 0.01;

O horizon: P < 0.06; Figure 5). It also appears that

adding phosphorus alone at the 0.3 ky site de-

creased the amount of active C compared to

treatments in which nitrogen was added. An

incubation experiment with Oxisol soils from a

tropical forest in Costa Rica found that microbial

activity was stimulated by P additions, leading to

increased utilization of labile C (Cleveland and

others 2002), The effect of fertilization on C, N,

and P in total organic, extractable, and microbial

biomass pools is shown in Tables 4b and 5b. At

the 4,100 ky site, where P limits plant growth, the

N + P treatment had slower turnover time in the

A horizon and N reduced the mean amount of

active C, but there was no statistically significant

effect of fertilization.

Mineral Composition and Soil Texture

Soil mineralogy was weakly associated with turn-

over times in these surface horizons. Total mineral

content was positively correlated with turnover

time of slow-pool carbon estimated by 14C, signif-

icantly for the difference between O and A horizons

(r2 = 0.2, P = 0.07 for both horizons; r2 = 0.51,

P = 0.11 for O horizon). Noncrystalline mineral

content was positively but not significantly corre-

lated with turnover time, in part because our

model for calculating turnover time had a

Figure 4. Turnover times of the slow

(intermediate) pool organic matter for (a) O

horizon and (b) A horizon. Solid circles (d)

are incubations, values are average (n = 10)

± 1 standard error. Open circles (s) are for
14C model, with values based on one

composite of ten soil pits sampled in 1996.

Turnover times varied by threefold across

the gradient, with fastest cycling at the sites

of highest fertility. Turnover times in the O

and A horizons were positively correlated,

with slower rates in the A horizon. Both

methods predicted a similar pattern across

sites and between horizons, but the 14C

turnover times were slower at the three

youngest sites.
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prescribed positive relationship between mineral

content and passive C. This relationship acted to

make the slow-pool turnover time faster with in-

creased noncrystalline content.

Texture, as estimated by traditional sand:silt:clay

fractions or 15-bar water content as a proxy for

clay-like particle content (with the latter more

reliable in Andisols), was not correlated with car-

bon density or turnover time. Likewise, sodium-

pyrophosphate-extractable (free) Fe3+ and Al3+

were not correlated with carbon content or turn-

over time (Table 2). Turnover times in the O

horizon were not correlated with any of these

attributes of A horizon mineralogy. One caveat is

that the mineral analyses were performed on dif-

ferent soil samples than were used for the incuba-

tions or radiocarbon modeling reported here.

IMPLICATIONS

One common model of decomposition depicts

transformation of litter to a few ubiquitous classes

of organic compounds by carbon-limited microbial

communities. Litter degradation is influenced by

litter chemistry in this model, but the process of

degradation filters all litters to a common set of

organic compounds that have less intrinsic vari-

ability in turnover time than did the litter sub-

strates (Melillo and others 1989). In this case, litter

quality would have only minor influence on the

subsequent decomposability of the organic matter

that derives from it. In contrast, others hypothesize

that SOM chemistry should reflect litter chemistry

more closely. For example, Berg (1986) found that

the decay rate of SOM depended on litter quality

and nutrient availability, especially availability of

nitrogen. To investigate these hypotheses, we used

the turnover times from the incubation experiment

as indicative of the intrinsic decomposability of

SOM. The decomposition rate of litter in situ was

highly correlated with SOM decomposition in the

O horizon (r2 = 0.94, P < 0.03; Figure 6) and

moderately correlated in the A horizon [(r2 = 0.53,

P < 0.27; litter decay constants taken from Crews

and others 1995) and Hobbie and Vitousek (2000)].

The same was true of litter N and P concentrations

(Crews and others 1995), which were tightly cor-

related with SOM decomposition in the O horizon

and less so in the A horizon (for N and P, respec-

tively: O horizon: r2 = 0.64, P < 0.20; r2 = 0.75,

P < 0.14; and A horizon: r2 = 0.17, P < 0.59;

r2 = 0.28, P < 0.47). The small sample size (n = 4

sites) for these analyses may limit the ability to

identify statistical significance of the apparent

trends. Higher NPP was significantly correlated with

faster decomposition rates in both the O and the A

horizons (Figure 7)(Vitousek and others 1997).

The strong correlation between litter quality and

SOM decay rates supports the model that litter

quality influences the decomposability of the or-

ganic matter formed from that litter (Berg and

Figure 5. Effect of long-term fertilization at the 0.3 and

4,100 ky sites on turnover time of slow C and amount of

active C, based on incubations. Error bars are ± 1 standard

error, n = 10. Dark bars are O horizon and light bars are A

horizon. Fertilization did not affect turnover at the 4,100

ky site, where P limits plant growth. In contrast, at the 0.3

ky site where productivity is N-limited, added N slowed

decomposition and P increased it (treatment effects sig-

nificant in O horizon). The amount of active C in the

mineral soil was lower under fertilization.
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others 1995). Possible mechanisms may include the

persistence of recalcitrant plant compounds or ef-

fects on decomposition pathways. However, we

cannot rule out the confounding influence of soil

chemistry, fauna, and the microbial community on

decomposition of both litter and SOM.

Response of Decomposition Rate to
Fertilization

In contrast to the clear pattern in decomposition

rate across the fertility gradient, the effect of nutri-

ent additions was weak and inconsistent. Fertiliza-

tion affected rates of SOM decomposition at the N-

limited (0.3 ky) site but not at the P-limited (4,100

ky site. At the N-limited site, fertilization with

nitrogen slightly decreased the rate of decomposi-

tion, even though productivity was stimulated by

nitrogen at this site. An inhibitory effect of nitrogen

on litter decay has been observed in several studies

reviewed by Fog (1988), and there are some find-

ings of an inhibitory effect on decomposition and

soil respiration as well (for example, Kowalenko

and others 1978; De Jong and others 1974). The

lack of an N or P effect at the 4,100 ky site where P is

limiting to NPP may reflect the fact that the site had

been receiving fertilizer for only 5 y. In terms of

feedbacks, the long-term fertilization experiments

gave no evidence that the same nutrient that limits

NPP also limits SOM decomposition at the N- or P-

limited sites, just as Hobbie and Vitousek (2000a)

observed for litter decomposition.

The failure of fertilization to produce the same

pattern in decomposition as did the natural fer-

tility gradient is important. This result converges

with studies of the effects of nutrient additions on

litter decomposition here and elsewhere (Fog

1988; Ostertag and Hobbie 1999; Hobbie and

Vitousek 2000a). These point to a fundamental

asynchrony in timing and often to an asymmetry

in direction and magnitude in the responses of

primary productivity and decomposition to nutri-

ent additions. Although plant productivity can

respond directly and positively to fertilization

within a growing season (Binkley and Hogberg

1997; Shaver and Chapin 1995; Vitousek and

Farrington 1997; Tanner and others 1998), most

responses of decomposition take much longer to

manifest (Berg and Matzner 1997; Perruchoud

and others 1999). Moreover, there is often a

qualitative difference in that the same nutrient

that limits productivity may have a small, neutral,

or even a negative effect on decomposition of

litter and SOM (Fog 1988; Magill and Aber 1998;

Berg 2000; Hobbie and Vitousek 2000a; Michel

and Matzner 2002).

Figure 6. Turnover time of the slow (intermediate) C

pool versus in situ turnover time for surface litter bags

(Crews and others 1995; Hobbie and Vitousek 2000b).

Solid circles (d) are O horizon and open circles (s) are A

horizon. The decomposition rates of litter and SOM were

highly correlated in the O horizon and moderately cor-

related in the A horizon, supporting the model that the

quality of litter influences the decomposability of the

organic matter it forms.

Figure 7. Turnover time of the slow (intermediate) C

pool versus net primary productivity (Vitousek and oth-

ers 1997). Solid circles (d) are O horizon and open circles

(s) are A horizon. Higher NPP was significantly corre-

lated with faster decomposition rates in both horizons.

Faster turnover may promote plant growth by increasing

nutrient mineralization. The inverse possibility, that

higher NPP causes faster turnover, is not supported by

the fertilization results.
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On longer time scales, soil fertility may influ-

ence decomposition and productivity through

changes in species or genotype (Chapin and oth-

ers 1986; Hobbie 1992). In parallel, plant com-

position may limit the decomposition response to

changes in soil nutrients or CO2 levels (Scholes

and others 1997; McMurtrie and others 2000;

Sariyildiz and Anderson 2003). The lack of re-

sponse to fertilization at our sites, for example,

may be due to genotypic adaptation to nutrient

conditions. A common-garden study found that

the different chronosequence sites support

genetically different Metrosideros populations with

genotypic traits that constrain the responsiveness

of plant chemistry, phenol production, and litter

quality to fertilization, and in particular to N

fertilization (Treseder and Vitousek 2001; Hat-

tenschwiler and others 2003). To the degree that

the observed correlations, for example, between

litter and SOM decomposition rates, are causative,

the response of SOM decomposition to nutrient

additions may be limited by genotype or species

composition.
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APPENDIX: 14C APPROACH FOR MODELING

THE TURNOVER TIME OF THE SLOW

(INTERMEDIATE) C POOL

We estimated the turnover time of slow-pool SOM

with a stock-flow model of passive, slow, and active

C pools that kept track of C and 14C in annual time

steps (Trumbore 1993). In Equation, (A1) the

radiocarbon content of SOM in a given year is the

content in the previous year plus the difference

between the 14C added in plant inputs and the 14C

lost in decomposition and radioactive decay.

Ft ¼
Ft�DtCt�Dt þ Dt FI;tI � FtCt

1=s þ k
� �� �

Ct

ðA1Þ

where F = radiocarbon content of soil organic C

(14C fraction modern); C = soil organic C (g C); Dt is

one year; FI = radiocarbon content of plant inputs

(14C fraction modern); I = inputs (g C y)1);

s = turnover time of SOM (y); and k = 14C radio-

active decay constant (0.000121 y)1). Using an

explicit formulation (i.e., decay and decomposition

are a function of Ft)DtCt)Dt rather than FtCt) had a

negligible effect on results.

FOM ¼ FaCa þ FsCs þ FpCp

Ca þ Cs þ Cp

ðA2Þ

where the symbols are as defined above with sub-

scripts for C pool as follows: a = active, s = slow, and

p = passive. In modeling each site and horizon, we

solved for the turnover time of the slow pool at

which the model-predicted D14C for the whole soil

matched what we measured. The model requires

parameterization of the amounts and turnover times

of active and passive carbon. We used the following

parameters: For all sites, the turnover time of the

active SOM pool was set to 1 y (Parton and others

1987); the amount of active SOM was set to 3%,

which was between the incubation-based and

extraction-based estimates. As described for incu-

bations, the amount of passive carbon was estimated

as twice the mineral-stabilized C. For the turnover

time of passive C, we used the turnover time of the

deepest horizon at the site (Harrison and others

1993) estimated at these sites by Torn and others

(1997) up to a maximum of 11,000 y. A sensitivity

analysis using turnover times of 810, 2,000, and

11,000 y (bracketing the fastest and slowest values

among sites) showed only a small effect except at the

20 ky site, which had the highest mineral content

and an estimated 14% passive C.

Radiocarbon modeling requires estimating the
14C content of the C inputs to the soil, which is

determined by the age of inputs (that is, the year

that photosynthesis fixed the C from atmosphere

relative to the year the inputs enter the soil). For

example, if inputs to the O horizon have an age of

2 y, it means that inputs to that soil horizon in

1996 are assumed to have the 14C value of the

atmosphere in 1994. In modeling with 14C, we

took into account the lag time between photo-

synthesis and C input to SOM. We use the aver-

368 M. S. Torn and others



age residence time of all inputs to a given horizon,

henceforth called the average age of inputs, in

modeling.

The average age of C inputs to the O horizon [Eq.

(A3)] and the A horizon [Eq. (A4)] were calculated

as the mass-weighted average for the C coming

from leaf, root, and dissolved organic carbon (DOC)

sources.

AI;O ¼ ðAL þ ALLÞILL þ ðAR þ ARLÞIRL;O

ILL þ IRL;O
ðA3Þ

AI;A ¼ ðADÞID þ ðAR þ ARLÞIRL;A

ID þ IRL;A
ðA4Þ

where A = age (y) of the specified C input (that is,

the number of years C spends in the specified C

reservoir); I = inputs (g C m2 y)1) of the specified

input; O = O horizon, A = A horizon; L = leaves,

LL = leaf litter; R = roots, RL = root litter,

D = DOC). As shown in Eqs. (A3) and (A4), the age

of leaf or root inputs is the sum of the time spent as

live tissue plus as litter before decaying into SOM.

The amount of time spent as litter (ALL or ARL)

before entering SOM is estimated as one-half litter

turnover time [where litter turnover time is 1/k,

where k is decay rate (y)1)]. We were able to build

upon empirical measurements of biomass, lifetime,

and decay rates for both leaves and roots for many

of the study sites (Crews and others 1995; Herbert

and Fownes 1999; Ostertag and Hobbie 1999;

Hobbie and Vitousek 2000a). These data and our

estimate of input age are summarized in Table 3.

The root biomass data comes from cores that sam-

pled the combined O and A horizons (Ostertag and

Hobbie 1999). We apportioned root biomass inputs

into each horizon in proportion to the horizon�s
relative depth interval. The age of leaf litter used in

Eq. (A3) is half the litter turnover time in Table 3

(that is, we assume leaf litter is more than half-

decayed by the time it is counted as OM rather than

litter). For the second and fifth site on the age se-

quence, we had little of the needed data and

interpolated between the closest (in age and loca-

tion) sites.

For the O horizon of most of the sites, there were

two turnover times that would predict SOM with the

observed 14C value, because of nonlinearity in the

atmospheric 14C record of the past 5 decades

(Trumbore 2000). Where this occurred, the two

turnover times differed by at least twofold and con-

sequently implied very different C stocks and respi-

ration rates (since flux = stock/s). By comparing the

implied stocks and fluxes to measurements, we were

able to rule out one of the possible turnover times

(Table 6). First, we compared the measured stock

and NPP inputs to the implied stock. Second, we

Table 6. Turnover Times of SOM Estimated by 14C Model

Turnover time

input age = 2 y

Turnover time

input

Turnover time. Input age = Best Estimate

Site age (ky) Stock/inputs faster/slower fit age = 33 y Faster fit Slower fit Rationale for selection

O Horizon

300 24 8/36.5 5.3 39 S/I and R vs. NPP

2,100 17 8/39 5.6 41 R vs. NPP is in

between the two

20,000 51 18 17

150,000 14 9.5/32 8.5 32.8 S/I and R vs. NPP

1.4 · 106 18 11/27 8.4 29.7 Matches R vs.

NPP Both fast for S/I

4.1 · 106 58 18 9.5 25 Matches R vs. NPP

Both fast for S/I

A Horizon

300 84 4/77 23 34

2,100 16 111 50 92

20,000 83 4/63 80 63

150,000 231 17 15 28.5

1.4 · 106 9.3 17 14 22.5

4.1 · 106 106 67 36 48

All values in units of years. The bold values were selected as the final result because they gave the best fit according to independently measured C stocks and fluxes (see Rationale
column). Key to abbreviations in the Rationale column: S/I compares the turnover time predicted by Stock/Inputs with the 14C turnover time. Stock = total soil C minus passive
C (g C m)2). Inputs is the sum of root and leaf inputs shown in Table 3. R vs. NPP compares the respiration predicted by 14C turnover time (calculated as Stock/s)
with NPP.
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compared the predicted respiration from the O

horizon to the measurement of total soil respiration

at that site. In all but one case, the comparisons

eliminated one of the possible turnover times.

In the A horizon, carbon is input via roots, DOC,

and bioturbation. We had no data on the amount

or age of DOC moving down from the surface, but

we constructed scenarios to explore the implica-

tions of reasonable assumptions about the amount

and age of DOC inputs. Bioturbation was not

treated. The scenarios were as follows:

1. DOC inputs to the A horizon were (a) 10% or

(b) 30% of C mineralized in the O horizon.

2. The age of DOC inputs to A horizon was (a) the

age of material entering the O horizon SOM

from leaves and roots or (b) the age of material

leaving the O horizon (that is, the age of litter

inputs plus the turnover time in the O horizon).

3. The O horizon turnover time was the (a) faster

of the two possible turnover times or (b) slower

of the two possible turnover times. For the O

horizon, the lag time could be calculated from

empirical estimates of the root and leaf lifetimes,

litter decay rates, and input rates.

For the A horizon, the age of inputs was not well

constrained; assuming 30% DOC input and the

slowest O horizon turnover time yielded input ages

on the order of 20 y. Conversely, assuming only

10% input from DOC and fast O horizon turnover,

input ages to the A horizon ranged from 8 to 11 y,

depending on the site. Considering all scenarios and

sites, the estimated age of inputs to the A horizon

varied from 4.7 to 32.6 y. We identified an inter-

mediate estimate (‘‘best estimate’’) based on a sce-

nario with 1b, 2b, and the O horizon turnover times

that gave the best fit to the data, according to the

method described two paragraphs above and shown

in Table 6. The reported estimate of turnover time

for the A horizon (Figure 4 and Table 6) is based on

this ‘‘best estimate’’ for age of inputs. We also cal-

culated turnovers times based on an input age of 2 y

for a sensitivity analysis and comparison with pre-

viously published radiocarbon studies (Table 6).

Using an age calculated as the mass-weighted

average of the age of all input sources to estimate

the 14C of inputs is a simplification. The complete

solution is to convolve, annually, the 14C content

and mass flux of each carbon input to the ecosys-

tem. The simplification was adequate for this sen-

sitivity analysis and for scenarios in which the dates

of origin are in the period of roughly linear yearly

change in atmospheric 14C content (that is, do not

extend earlier than about 20 y).
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