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Abstract. It has been proposed that the large soil carbon (C)

stocks of humid tropical forests result predominantly from C

stabilization by reactive minerals, whereas oxygen (O2) lim-

itation of decomposition has received much less attention.

We examined the importance of these factors in explaining

patterns of C stocks and turnover in the Luquillo Experi-

mental Forest, Puerto Rico, using radiocarbon (14C) mea-

surements of contemporary and archived samples. Samples

from ridge, slope, and valley positions spanned three soil

orders (Ultisol, Oxisol, Inceptisol) representative of humid

tropical forests, and differed in texture, reactive metal con-

tent, O2 availability, and root biomass. Mineral-associated C

comprised the large majority (87 ± 2 %, n= 30) of total soil

C. Turnover of most mineral-associated C (66 ± 2 %) was

rapid (11 to 26 years; mean and SE: 18 ± 3 years) in 25

of 30 soil samples across surface horizons (0–10 and 10–

20 cm depths) and all topographic positions, independent of

variation in reactive metal concentrations and clay content.

Passive C with centennial–millennial turnover was typically

much less abundant (34 ± 3 %), even at 10–20 cm depths.

Carbon turnover times and concentrations significantly in-

creased with concentrations of reduced iron (Fe(II)) across

all samples, suggesting that O2 availability may have lim-

ited the decomposition of mineral-associated C over decadal

scales. Steady-state inputs of mineral-associated C were sta-

tistically similar among the three topographic positions, and

could represent 10–25 % of annual litter production. Ob-

served trends in mineral-associated 114C over time could

not be fit using the single-pool model used in many other

studies, which generated contradictory relationships between

turnover and 114C as compared with a more realistic two-

pool model. The large C fluxes in surface and near-surface

soils documented here are supported by findings from paired
14C studies in other types of ecosystems, and suggest that

most mineral-associated C cycles relatively rapidly (decadal

scales) across ecosystems that span a broad range of state

factors.

1 Introduction

Humid tropical forest soils represent a large terrestrial C

reservoir (∼ 500 Pg; Jobbagy and Jackson, 2000) with the

potential to exert important feedbacks on global climate

change, yet much remains unknown about the biogeochem-

ical mechanisms underlying their C dynamics. Patterns and

controls on plant litter decomposition in tropical ecosystems

have been well documented in recent years (e.g., Cusack et

al., 2009; Powers et al., 2009), but the turnover dynamics of

tropical soil organic C have received less attention (Trum-

bore et al., 1995; Torn et al., 1997; Telles et al., 2003; Marin-

Spiotta et al., 2008; Giardina et al., 2014). The majority of

organic matter (56–95 %) in humid tropical forests spanning

a broad range of soil types has been shown to be associ-

ated with mineral particles (Trumbore et al., 1995; de Ca-

margo et al., 1999; Telles et al., 2003; Marin-Spiotta et al.,

2009; Cusack et al., 2011; Giardina et al., 2014). Previous

work has used radiocarbon (14C) modeling to demonstrate

that turnover times of mineral-associated C pools can vary

by several orders of magnitude – from decades to millennia
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– within and among humid tropical soils (Trumbore et al.,

1995; Torn et al., 1997; Telles et al., 2003). Nevertheless, rel-

atively few studies have described the dynamics of mineral-

associated C turnover in natural humid tropical forests, par-

ticularly in relation to proposed biogeochemical mechanisms

of C stabilization. Constraining the turnover times of sur-

face soil C pools and their biogeochemical drivers in humid

tropical soils remains an important research challenge given

their intimate couplings with plant productivity and poten-

tially rapid responses to climate change.

Much of the recent work on soil organic matter stabiliza-

tion has focused on the importance of reactive metals and

short-range-order minerals in protecting C via sorption and

precipitation. Concentrations of iron (Fe) and aluminum (Al)

in various soil extractions often correlate strongly with spa-

tial variation in soil C stocks (Torn et al., 1997; Baldock

and Skjemstad, 2000; Powers and Schlesinger, 2002; Kle-

ber et al., 2005; Kramer et al., 2012). Although positive re-

lationships between reactive Fe and Al and C stocks of min-

eral soils occur across a broad range of ecosystems, there

have been fewer tests of their relationships with C turnover

rates (Sollins et al., 2009). This distinction is important, be-

cause positive relationships between reactive metals and C

stocks do not provide information regarding the dynamics of

these C pools or the temporal scale of stabilization. Carbon

turnover rates increased strongly with short-range-order min-

eral content across gradients of precipitation and soil age in

allophane-rich tropical Andisols (Torn et al., 1997; Giardina

et al., 2014), and increased with reactive Al content across

a sequence of temperate Mollisols, Alfisols, and Inceptisols

(Masiello et al., 2004). However, the relative impact of reac-

tive Fe and Al on mineral-associated C turnover has received

less attention in highly weathered soils (Ultisols, Oxisols)

that are prevalent across humid tropical forests at a global

scale. The content and composition of silicate clay minerals

are also likely to contribute to soil C stabilization in many

tropical ecosystems (Feller and Beare, 1997), although their

impact on C turnover times in these soils remains unclear.

In addition to reactive metals and minerals, oxygen (O2)

availability and redox dynamics can also influence C dynam-

ics in humid ecosystems, where anaerobic microsites are es-

pecially prevalent in surface soils. All else being equal, rates

of organic matter decomposition typically decline under sus-

tained anaerobic conditions (Ponnamperuma, 1972). Recent

work has demonstrated high spatial and temporal variation

in O2 availability in surface soils of humid tropical forests,

and the concomitant importance of anaerobic metabolic pro-

cesses such as dissimilatory Fe reduction in maintaining high

rates of soil respiration (Silver et al., 1999; Schuur et al.,

2001; Dubinsky et al., 2010; Liptzin et al., 2011; Hall et

al., 2013). Soil C stocks increased with decreasing redox po-

tential across a Hawaiian rainfall gradient even as net pri-

mary productivity declined, suggesting that reducing condi-

tions constrained decomposition and promoted organic mat-

ter accumulation at the landscape scale (Schuur et al., 2001).

At smaller spatial scales ranging from topographic catenas

to soil microsites, variation in O2 availability and reducing

conditions could also have important impacts on rates of soil

C cycling.

Radiocarbon analysis is a powerful method for modeling

the turnover times of slow-cycling C pools, such as those as-

sociated with mineral surfaces, which are generally thought

to cycle over scales of many decades to millennia. However,

a paucity of replicated 14C measurements in many studies

has often prevented statistical examination of relationships

between turnover times and proposed C stabilization mech-

anisms. Furthermore, many recent 14C studies have used

turnover models assuming that operationally defined organic

matter pools (separated by physical or chemical fractiona-

tion) had homogeneous turnover rates. Several studies have

demonstrated that operationally defined C fractions (e.g.,

free light, aggregate-occluded light, and mineral-associated)

seldom represent pools with uniform turnover, and the in-

clusion of multiple pools with distinct turnover times within

measured fractions is often necessary to generate realistic

model results (Trumbore et al., 1995; von Lützow et al.,

2007; Baisden et al., 2013; Torn et al., 2013). Using multi-

ple 14C measurements over time provides a valuable method

for constraining the turnover of multiple pools within a sin-

gle measured fraction (Trumbore et al., 1996; Koarashi et al.,

2012; Baisden et al., 2013), particularly in humid tropical

ecosystems that exhibit relatively rapid C turnover (Telles et

al., 2003).

Here, we assessed the relative importance of several pro-

posed C stabilization mechanisms (reactive metal content,

soil texture, and proxies for reducing conditions) in explain-

ing patterns of mineral-associated C concentrations, stocks,

and turnover, using 14C measurements and modeling of

density-fractionated samples. We intensively sampled soils

across a topographic catena spanning three soil orders (an

Ultisol, Oxisol, and Inceptisol) typical of humid tropical for-

est ecosystems (McDowell et al., 2012). Samples represented

a range of soil geochemical characteristics and O2 dynam-

ics in close spatial proximity (tens of meters) (Silver et al.,

1999). Our sampling strategy captured relatively large differ-

ences in soil biogeochemical characteristics while control-

ling for temperature, a potentially important influence on the

turnover of decadal-cycling C (Townsend et al., 1995). To

provide a more rigorous interpretation of our contemporary

soil 14C data, we constrained models of C turnover with 14C

measurements from archived 1988 samples from the same

site. Finally, to illustrate the importance of considering mul-

tiple pools and 14C time points for fitting C turnover models

to data, we compared modeled turnover times of mineral-

associated C between a simple one-pool model commonly

used in the current literature and a two-pool model con-

strained by data from archived samples.
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2 Methods

2.1 Site description

We sampled ridge, slope, and valley topographic positions

along a hillslope catena in the Bisley Watershed of the

Luquillo Experimental Forest, Puerto Rico, an NSF-funded

Long Term Ecological Research and Critical Zone Obser-

vatory site. Our sites (250 m a.s.l.; 18.3157◦ N, 65.7487◦W)

support a lower montane tabonuco (Dacryodes excelsa) for-

est with a mean annual temperature of 23 ◦C. Annual pre-

cipitation averaged 3800 mm yr−1 and varied between 2600

and 5800 mm yr−1 from 1989 to 2011 (Scatena et al., un-

published data); see McDowell et al. (2012) for a detailed

site description. Soils formed from volcaniclastic sedimen-

tary rocks derived from andesitic to basaltic material, and

catena positions represent three different orders in the USDA

taxonomy (Soil Survey Staff, 2002). Ridges are dominantly

Ultisols (Typic Haplohumults), slopes are Oxisols (Inceptic

and Aquic Hapludox), and valleys are Inceptisols (Typic Epi-

aquepts). Catena positions differed in surface soil O2 concen-

trations measured at 10 cm depth over several years (Silver et

al., 1999). Mean O2 concentrations decreased from ridges to

slopes to riparian valleys (19, 16, and 10 % O2, respectively),

with increasing temporal variability such that valley soils fre-

quently experienced low O2 (≤ 3 %). Anaerobic microsites

are present in all topographic positions, indicated by periodic

methane emissions (Silver et al., 1999). Given that iron ox-

ides represent the most abundant anaerobic terminal electron

acceptor in these soils (Hall et al., 2013) we used measure-

ments of Fe(II) to provide an index of reducing conditions

at the scale of individual soil samples. We acknowledge that

soil Fe(II) concentrations constitute a one-time measurement

in a dynamic redox environment, but indices of O2 availabil-

ity and other redox reactions tended to vary consistently with

Fe(II) concentrations among plots and over time (Hall et al.,

2013).

2.2 Soil sampling and analysis

We dug a soil pit in each catena position to establish rela-

tionships between soil depth and horizons. Mineral soil A

horizons spanned depths of 0–10, 0–9, and 0–10 cm in the

ridge, slope, and valley, whereas B1 horizons were at depths

of 10–22, 9–25, and 10–20 cm, respectively. Visual inspec-

tion of soil cores showed that A horizon depths were reason-

ably consistent among samples, but total soil depth varied

among plots and occasionally did not exceed 20 cm in the

riparian valley (due to the sporadic presence of buried boul-

ders). We thus sampled soils at depths of 0–10 and 10–20 cm,

which contain the large majority of roots and organic matter

in this ecosystem (Silver and Vogt, 1993).

We established five 0.25 m2 plots in each topographic po-

sition (ridge, slope, and valley) for a total of 15 plots in the

same field sites previously examined by Silver et al. (1999).

Plots were randomly placed within 5–10 m intervals along a

50 m linear transect. On the slope position, the slopes of indi-

vidual plots varied between 25 and 40◦. Surface organic hori-

zons were usually sparse, and any O horizon material was

removed prior to coring. In each plot and depth increment

(total n= 30), we collected a total of four replicate 6 cm di-

ameter soil cores. Two cores from each plot were sampled in

July 2011 to determine bulk density and fine root biomass,

and two additional cores were sampled in February 2012 for

C density fractionation and chemical analysis.

The cores for chemical analyses were immediately ho-

mogenized in the field, and separate subsamples extracted

in 0.5 M hydrochloric acid (HCl) and 0.2 M sodium cit-

rate/0.05 M ascorbic acid solutions within 1–2 min of sam-

pling. The low pH of the HCl extraction inhibits oxidation

of Fe(II). Soil subsamples (3 g dry mass equivalent) were

immersed in a 1 : 10 ratio with HCl, vortexed, shaken for

1 h, and filtered to 0.22 µm. Concentrations of Fe(II) were

measured using a colorimetric ferrozine assay and corrected

for Fe(III) interference (Viollier et al., 2000). We used Fe(II)

concentrations as an index of reducing conditions at the scale

of soil samples, given that Fe reduction represents the domi-

nant anaerobic respiratory process in this system (Dubinsky

et al., 2010), and that Fe(II) readily oxidizes in the pres-

ence of O2. Separate subsamples were extracted in the field

with sodium citrate–ascorbate solution (Reyes and Torrent,

1997) to provide an estimate of reactive iron oxides (Feca)

and associated Al (Alca) in short-range-order minerals and

organic fractions. Short-range-order Fe and organo-Fe com-

plexes are analytically indistinguishable in chemical extrac-

tions, with nanoscale iron (oxy)hydroxides often dominat-

ing (Thompson et al., 2011); thus we subsequently refer to

Feca as “reactive”. Aluminum is not redox-active in soils

but frequently substitutes in Fe minerals, and various alu-

minum (oxy)hydroxide species and monomeric Al also asso-

ciate with organic compounds. In the absence of detailed Al

speciation data, we similarly refer to Alca as “reactive”. Soil

subsamples (1.5 g dry mass equivalent) were immersed in a

1 : 30 ratio with citrate/ascorbate solution, vortexed, shaken

for 18 h, and centrifuged for 10 min at 1500 rcf.

Field extractions likely yield the most representative pat-

terns of reactive metal abundance due to rapid crystallization

of short-range-order minerals upon drying, but we also ex-

tracted oven-dried (105 ◦C) and ground heavy density frac-

tions (described below) with acid ammonium oxalate solu-

tion in the dark at pH 3 to allow comparison with previous

studies (e.g., Kleber et al., 2005). Drying soils leads to min-

eral crystallization, thus decreasing extractable metal con-

centrations. However, oxalate extraction of moist samples

with high Fe(II) is undesirable and can promote catalytic

extraction of crystalline iron oxides (Phillips et al., 1993).

Subsamples (0.5 g) were extracted for 2 h in 30 mL of am-

monium oxalate solution. For all of the above extractions,

concentrations of Fe and Al were analyzed in triplicate using

an inductively coupled plasma optical emission spectrometer

www.biogeosciences.net/12/2471/2015/ Biogeosciences, 12, 2471–2487, 2015
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(ICP-OES; Perkin Elmer Optima 5300 DV, Waltham, Mas-

sachusetts). Total Fe measured colorimetrically in HCl ex-

tractions agreed within 1 % of ICP-OES measurements. Soil

pH was measured in 1 : 2 slurries of soil and deionized wa-

ter. Additional subsamples of field-moist soil from each plot

were analyzed for particle size via the hydrometer method

(Gee and Bauder, 1986). Samples (50 g dry mass equivalent)

were passed through a 2 mm sieve and immersed for 16 h

in sodium hexametaphosphate solution (50 g L−1) to chem-

ically disperse aggregates, which were then physically dis-

persed in an electric mixer. We measured changes in soil

suspension density over 24 h to calculate clay, sand, and silt

fractions.

We assayed the two remaining replicate 6 cm diameter

cores from each plot and depth increment for fine root

biomass and bulk density, respectively. Fine roots (< 2 mm

diameter) were separated from soil by wet sieving and sep-

arated into live and dead fractions based on visual observa-

tions of turgor and tensile strength. Roots were thoroughly

washed in deionized water and dried at 65 ◦C. To determine

bulk density from the intact cores, we carefully removed

any coarse roots and rocks (which were rare) after cleaning

them to retain all soil. We estimated the volume of coarse

roots > 5 mm using a cylindrical approximation, and mea-

sured the volumetric water displacement of rocks with diam-

eter > 2 mm; these corrections minimally affected our bulk

density measurements (mean relative change of 2 %). Soils

were dried at 105 ◦C to constant mass, and bulk density was

calculated as dry soil mass divided by coarse root and rock-

corrected sample volume.

2.3 Soil density fractionation

We separated soil organic matter from each plot/depth in-

crement (n= 30) into three fractions based on density and

occlusion: (1) a free light fraction consisting of low-density

(< 1.85 g cm−3) organic matter not contained within aggre-

gates; (2) an occluded light fraction, comprising low-density

organic matter released from aggregates following sonica-

tion; and (3) a heavy fraction with density > 1.85 g cm−3 as-

sociated with soil minerals. Soil cores for density fractiona-

tion were stored at field moisture in sealed polyethylene bags

at 4 ◦C and analyzed within 6 months of collection. We used

the same protocol to fractionate four air-dried archived sam-

ples (0–10 cm increment) that were collected in 1988 from

nearby slope and riparian valley plots representative of the

plots sampled in 2012 (Silver et al., 1994). The samples from

1988 served as a benchmark for a two-pool 14C model, and

were not intended to describe ecosystem-scale spatial or tem-

poral patterns in the C content of density fractions. The frac-

tionation assay followed Swanston et al. (2005) as modified

for Fe-rich soils (Marin-Spiotta et al., 2008). We passed sam-

ples (20 g dry mass equivalent) through a 4.75 mm sieve to

remove coarse litter fragments while maintaining aggregate

structure. The free light fraction was separated by flotation

after immersing soils in sodium polytungstate at a density of

1.85 g cm−3. The occluded light fraction was similarly ob-

tained after mixing and sonicating soils to disrupt aggregates,

with a total energy input of 200 J mL−1. The heavy fraction

consisted of the remaining mineral-associated organic mat-

ter. Mass recovery of density fractions from 2012 samples

measured 100 ± 1 % (mean±SE) of the initial soil mass;

mass recovery greater than 100 % may reflect residual sorp-

tion of a small amount of sodium polytungstate or heteroge-

neous soil moisture content of the moist soil samples. Re-

covery measured 95.0 ± 0.3 % for the air-dried 1988 soils.

Masses of free and occluded light fractions may differ be-

tween the air-dried 1988 samples and field-moist 2012 sam-

ples due to the notable effects of air-drying on aggregate

structure, but variation in sample moisture during fraction-

ation was less likely to impact the partitioning of C between

particulate C and mineral-associated fractions. Oven-dried

(105 ◦C) density fractions were analyzed in duplicate for C

concentrations and δ13C isotopic ratios relative to V-PDB on

a Vario Micro elemental analyzer in-line with an Isoprime

100 isotope ratio mass spectrometer (Elementar, Hanau, Ger-

many).

2.4 Radiocarbon measurements and modeling

We measured radiocarbon content of the 30 heavy fraction

samples from 2012 and the four samples from 1988 on the

Van de Graaff FN accelerator mass spectrometer at the Cen-

ter for Accelerator Mass Spectrometry at Lawrence Liver-

more National Laboratory, Livermore, CA. Heavy C frac-

tions were subsampled into quartz tubes which were evac-

uated, flame-sealed, and combusted in the presence of cop-

per oxide and silver. Resulting CO2 was reduced to graphite

on iron powder in the presence of H2 at 570 ◦C. Corrections

were applied for mass-dependent fractionation using mea-

sured δ13C, for sample preparation background using 14C-

free coal, and for 14C decay since 1950. We report final ra-

diocarbon values in114C notation with an average precision

of 3 ‰ (Stuiver and Polach, 1977).

To infer temporal trends in 114C, previous studies have

used representative samples collected at locations within

100 m of one another (Trumbore et al., 1996), and over even

greater distances when similarities in ecosystem state factors

could be maintained (Baisden et al., 2013). However, soils

display fine-scale spatial heterogeneity over scales of cen-

timeters to meters that can potentially complicate the assess-

ment of temporal trends. This heterogeneity precluded ab-

solute comparisons between individual samples from 1988

and 2012, as 1988 sampling locations could not be located

to that degree of resolution. Furthermore, we could only an-

alyze four 1988 samples (two slope and two valley soils) for

this study. Nevertheless, as shown in Sect. 3.2, the114C val-

ues from our 2012 samples (n= 30) showed no systematic

spatial variation across the catena, supporting the idea that

the 1988 samples were broadly representative of the site as
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a whole. The 24-year period between sample collections al-

lowed for sensitive detection of changes in 114C over time

(Schrumpf and Kaiser, 2015).

We modeled the turnover time of mineral-associated C us-

ing a time-dependent steady-state difference equation model

of soil 114C dynamics in conjunction with 114C of atmo-

spheric CO2 (Trumbore 1993; Torn et al., 2009). We assumed

that 114C of a soil organic matter pool in a given year is a

function of soil 114C from the previous year minus losses

from decomposition and radioactive decay, plus additions of

recently fixed CO2 with atmospheric 114C, represented by

the following equation:

F ′soil pool,t = kF
′
atm,t +F

′

soil pool,t−1(1− ksoil pool− λ). (1)

Here, F ′ equals 114C/1000+ 1 at time t , k is the decompo-

sition rate constant, and λ is the radioactive decay constant;

the subscripts atm and soil pool indicate the atmosphere and

an arbitrary soil C pool, respectively. We used a time series

of atmospheric 114CO2 measurements from 1511 to 1950

(Stuiver et al., 1998) and 1950 to 2009 (Hua et al., 2013)

for atmospheric zone 2, which includes Puerto Rico, and as-

sumed a 5 ‰ annual decline in atmospheric114C from 2010

to 2012 (Fig. 1). This model implies first-order decay such

that the inverse of the modeled decomposition rate constant

represents the mean turnover time of a soil C pool. We fit

models with a lag of 3 years between atmospheric 14C val-

ues and the corresponding 14C value of soil C inputs to pro-

vide a conservative estimate of C residence in plant biomass,

and also present modeling results with no time lag. In both

cases, turnover times represent the combined plant–soil sys-

tem. Fine roots are increasingly thought to represent a domi-

nant source of soil C (Rasse et al., 2005). Here, a three-year

lag accounted for the fact that the age of C in fine root tis-

sue often varies over several years (Vargas et al., 2009), and

that dead roots decompose in < 1 year at this site (Cusack

et al., 2009). We used the same time lag for the 0–10 and

10–20 cm depths given that fine roots were abundant in both

increments, and bioturbation by earthworms was extremely

common across both depth increments at this site. Finally,

the model assumed that mineral-associated C pools were at

steady state, an assumption supported by annual soil C mea-

surements in nearby plots over a decade that included severe

storm events (Teh et al., 2009), as well as similarities in forest

aboveground biomass since the late 1980s (Heartsill Scalley

et al., 2010).

A single-pool model for the mineral-associated (heavy)

C fraction could not reproduce the observed temporal trend

of 114C between 1988 and 2012. Therefore, we assumed

that the mineral-associated C fraction was the sum of two

pools that cycled over different timescales: a slow pool with

decadal turnover, and a passive pool with centennial to mil-

lennial turnover (Trumbore et al., 1995; Telles et al., 2003;

Baisden et al., 2013).

F ′heavy,t = PslowF
′

slow,t + (1−Pslow)F
′

passive,t (2)
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Figure 1. Modeled soil 114C over time for the slow pool (light-

grey shading) and the slow+ passive pools (dark-grey shading) of

mineral-associated C. The dashed line shows atmospheric114C for

zone 2 of the Northern Hemisphere. Shaded regions represent 95%

confidence intervals for 114C of a given soil sample calculated us-

ing Monte Carlo methods that varied 1988 114C and turnover time

of passive C. Panels (a) and (b) show trends for individual sam-

ples where 2012 114C= 109.4 and 51.0 ‰, respectively, in 2012,

along with four samples from 1988. Panel (c) shows trends for a

sample where 2012 114C= 28.5 ‰ ; this and four other samples

with 114C less than the 2012 atmosphere could not be realistically

constrained by 1988 surface soil 114C due to a greater abundance

of passive C (see Sect. 2.4 for details on how these samples were

modeled).

Here, Pslow represents the proportion of mineral-associated

C in the slow pool. Incorporating two separate pools of or-

ganic matter in the mineral-associated fraction was necessary

to fit decomposition rate constants to the observed114C val-
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ues in 2012 and 1988, and a two-pool model is consistent

with long-term observations of soil organic matter dynam-

ics constrained by frequent 114C measurements (Baisden et

al., 2013). The passive C fraction contains negligible modern
14C and acts to dilute the modern 14C signal of the faster-

cycling slow C pool.

Thus, our model had three free parameters: turnover times

of the slow and passive pools, and the proportion of mineral-

associated C in the slow pool. We estimated two of the three

parameters, the proportion of slow-pool C and its turnover

time, with our data (soil 114C from 1988 and 2012). For

the third parameter, turnover time of the passive pool, we

assumed a liberal range of values (100–1000 years) during

the model-fitting process (described below). Previous stud-

ies have assumed passive C turnover times of several hun-

dred to 100 000 years (Trumbore et al., 1995; Telles et al.,

2003; Baisden et al., 2013). However, empirically determin-

ing passive C ages is difficult. Radiocarbon analysis of C re-

maining after acid hydrolysis has been used to define pas-

sive C age, yet even hydrolysis residue may contain bomb
14C, indicative of faster turnover times (Telles et al., 2003).

Here, we assumed a relatively faster distribution of passive

turnover times because these allow for realistic increases in

model uncertainty. For example, allowing passive C turnover

to increase from 1000 to 100 000 years in our models had

very little effect on mean slow-pool turnover (< 0.2 years),

but substantially decreased the variance by decreasing the

overall proportion of model runs that had shorter turnover

times of the passive pool, given that shorter turnover times

have more leverage on model results.

Here, we modeled the slow-pool turnover time and slow-

pool fraction for each 2012 sample using an approach

that combined parameter estimation with sensitivity analy-

sis, thus avoiding the assumption of a single passive pool

turnover time and 1988 114C value for each 2012 sample.

For example, rather than simply assuming a single value for

passive pool turnover as has been done in previous studies,

here we assumed that passive pool turnover varied randomly

between 100 and 1000 years, and fit model parameters for

each of 1000 different randomly chosen turnover times. We

used a similar approach to vary the 1988 114C value as-

sumed in each model iteration. Then, using the distribution of

parameter values calculated from the 1000 model iterations

for each sample, we were able to estimate mean values and

their uncertainty (standard deviation). The resulting mean pa-

rameter values are subtly distinct from what we would have

estimated by applying a single “best estimate” of mean 1988

114C, due to the non-linear trend in atmospheric 114C val-

ues.

We varied the assumed value of 1988114C in each model

realization by sampling from a normal distribution defined by

the observed values (mean and standard deviation of 114C

= 186 ± 10 ‰), and excluding the extreme 5 % of the dis-

tribution to ensure model convergence. We acknowledge that

fitting each of the 2012 samples to the same distribution of

114C in 1988 is imperfect, as114C values in 1988 and 2012

would likely be correlated if they could be estimated on pre-

cisely the same sample. However, the Monte Carlo approach

employed here allowed us to assess the impacts of variation

in assumed 1988 114C values on modeled turnover times.

Varying 1988 114C across the observed distribution had rel-

atively minor impacts on modeled slow-pool turnover, affect-

ing turnover times of each sample by an average of 3 years

(Table S1 in the Supplement).

For each 2012 soil sample and randomly generated pa-

rameter set, we calculated the turnover time and proportion

of slow-cycling C with Eqs. (1) and (2), adjusting kslow and

Pslow until modeled 114C matched the measured 2012 value

and assumed 1988 value. Five 2012 samples had 114C less

than the 2012 atmosphere, and slow-pool turnover times for

these samples could not be realistically estimated using the

available 1988 samples (Fig. 1). It is unsurprising that the

four samples from 1988 did not exhibit the same degree of

heterogeneity in turnover times as did the 30 samples from

2012, due to an increased probability of detecting extreme

values in the larger data set. For the five samples with smaller

114C values, we made the simplifying assumption that these

values were primarily caused by an increasing abundance of

the passive pool, and that slow-pool turnover times were of

similar magnitude as the other samples. To estimate propor-

tions of slow vs. passive C in these five samples, we ran-

domly selected 1000 slow-pool turnover times from the pre-

viously modeled distribution (18± 3 years) in addition to the

other randomly selected parameters described above. Then,

we solved for Pslow without constraining the model to 1988

data. All modeling was conducted with R version 3.0.2, and

free parameters were fit using the “optim” function with the

Nelder–Mead method. After estimating kslow and Pslow, we

calculated annual C inputs to the slow pool under steady state

by dividing slow-pool C stocks by turnover times. Standard

errors reported below include the sum of modeling variation

and spatial variation.

2.5 Statistical analysis

We assessed relationships between biogeochemical variables

and C cycling among individual samples and catena positions

using linear mixed effects models fit with the lme function

in R (Pinheiro et al., 2014). Interactions among topographic

positions and depths were assessed by assigning a distinct

factor level to each position–depth combination, with post

hoc comparisons using the Tukey method. To assess topo-

graphic variation in C from 0 to 20 cm, C was summed by

depth increment for each plot. In addition, we fit linear mixed

effects models for mineral-associated C concentrations and

stocks in individual samples. Potential predictor variables in-

cluded 114C and the other measured biogeochemical vari-

ables described above. We normalized predictor variables by

mean and standard deviation to allow comparison of their

relative importance (analogous to Pearson’s r). Models in-

Biogeosciences, 12, 2471–2487, 2015 www.biogeosciences.net/12/2471/2015/



S. J. Hall et al.: Large fluxes and rapid turnover of mineral-associated carbon 2477

cluded plots as potential random effects to account for any

correlation between depth increments in a given plot. We se-

lected the optimal random effect structure by comparing the

Akaike information criterion (AIC) of saturated models fit

using restricted maximum likelihood. Including random ef-

fects did not improve fit, so we proceeded with multiple re-

gression. We selected fixed effects on models fit using max-

imum likelihood using backwards selection and AIC with a

correction for small sample size, and reported models with

similar goodness of fit.

3 Results

3.1 Topographic patterns in soil C and biogeochemical

variables

Mineral-associated C comprised the dominant C fraction

across all topographic positions, representing 90± 1, 89± 1,

and 80± 4 % of total soil C in the ridge, slope, and val-

ley soils, respectively (Table 1, Fig. 2, Table S1 in the Sup-

plement). Mineral-associated C content (soil mass basis) in

ridge 0–10 cm soils was 1.45 times greater (p< 0.01) than

slopes and valleys (Fig. 2, Table 1). Mineral associated C

content was also greater in surface (0–10 cm) than subsurface

(10–20 cm) soils on ridges and slopes but did not differ by

depth in valleys. Free light C content was similar among to-

pographic positions. Valleys had significantly more occluded

light C when considering both depth increments together,

measuring 3.6 times the occluded light C on ridge and slope

soils (Fig. 2; p< 0.05). Carbon concentrations of the individ-

ual fractions generally showed similar trends with topogra-

phy and depth as soil-mass-based C content (Table 1). Heavy

fraction C concentrations were greatest in ridge surface soils,

and occluded light C concentrations were greatest in valley

soils. Heavy fraction C content was lower in the four 1988

samples than in many of the 2012 samples (Table S2 in the

Supplement), but replication was insufficient to assess any

temporal changes.

Paralleling the topographic patterns in mineral-associated

C, most measured biogeochemical indicators varied strongly

and significantly across the catena (Table 2, Table S3 in the

Supplement). Ridges supported the highest fine root biomass,

which declined in the slopes and valleys. Soil pH was signif-

icantly more acidic (4.6 ± 0.0) in the ridge and slope sam-

ples than in the valleys (5.2± 0.1; p< 0.0001), regardless of

depth increment. Clay content was consistently high in ridge

and slope samples (41 ± 3 %) and significantly lower in the

valley soils (23± 2 %; p< 0.0001). Conversely, sand content

was low in ridge and slope samples but was 2–3 times greater

in the valley soils, and silt content was similar across topo-

graphic positions. Clay content increased and silt declined

with depth in the ridge soils, while texture did not vary sig-

nificantly with depth in the other topographic positions.
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Figure 2. Carbon concentrations and stocks (mean±SE, n= 5 for

each bar) by density fraction, catena position, and depth increment.

Means with different letters are significantly different. Occluded

light fractions were greatest in valleys when compared across po-

sitions, irrespective of depth.

Reactive Fe and Al showed distinct patterns among topo-

graphic positions and depths that varied by chemical extrac-

tion (Table 2). Concentrations of Fe and Al extracted in the

field by citrate–ascorbate solution (Feca and Alca) were sig-

nificantly (more than 2-fold) greater in ridge than in slope or

valley surface soils. Oxalate extractions of dried soil heavy

fractions yielded significantly greater Al in ridge surface

soils than most other positions/depths, but Feox varied little

among samples. Concentrations of Feox and Fe(II) were the

only measured biogeochemical variables that did not vary by

topographic position. Fe(II) concentrations were variable and

consistently measurable, indicative of the ubiquitous pres-

ence of reducing microsites across the plots.

Mineral-associated C stocks varied almost 3-fold among

samples, between 1230 and 3030 g C m−2 (mean 2150 ±

100) in each 10 cm depth increment (Table 1, Table S1 in

the Supplement). Summing the two 10 cm depth increments

in each plot yielded mineral-associated C stocks of 3310–

6630 g C m−2 (mean 5010 ± 290) to 20 cm depth. Despite

the large and significant differences in C concentrations,

mass-based C content, and reactive Fe and Al across the

catena, mineral-associated C stocks were statistically simi-

lar among the topographic positions (Fig. 2) due to covaria-
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tion in bulk density. Bulk density was significantly lower in

ridge 0–10 cm soils than all other positions, whereas mineral-

associated C concentrations and mass-based C content were

greatest in these samples (p< 0.01; Fig. 2, Table 1). Mass-

based mineral-associated C content and bulk density also

negatively covaried at the scale of individual samples (R2
=

0.49, p< 0.0001).

Of the density fractions measured, only the occluded light

fraction C stocks differed by topographic position; these

were significantly greater in valleys when considering both

depth increments together (p< 0.05). Total soil C stocks

(sum of all three fractions in each depth increment) did not

significantly differ among positions in either depth incre-

ment. Similarly, total C stocks summed to 20 cm in each

plot (g C m−2) did not differ significantly, although val-

leys tended to be greatest (5558 ± 511), ridges intermediate

(5112 ± 337), and slopes lowest (4370 ± 579; Table 1).

3.2 Patterns in 114C, turnover, and C inputs

The four soil samples from 1988 were enriched in 14C rel-

ative to the 2012 samples, reflecting a dominance of C with

decadal turnover in the 0–10 cm depth increment (Fig. 1a and

b, Table 3, Table S2 in the Supplement). Figure 1 shows tem-

poral trends in modeled 114C for three representative 2012

samples. Radiocarbon content in the 2012 mineral-associated

C fractions exceeded the 2012 atmosphere for most sam-

ples (25 of 30; Fig. 4, Table S2 in the Supplement), re-

flecting the dominance of bomb C inputs over the preceding

decades. Radiocarbon content tended to be greatest in val-

ley 10–20 cm soils and lowest in slope 10–20 cm soils, but

differences were not significant across catena positions and

depths, with the exception of slope and valley 10–20 cm sam-

ples (Table 3). Five slope and ridge samples had lower 114C

than the 2012 atmosphere (< 30 ‰), indicating dominance of

slower-cycling C pools (centennial–millennial; Fig. 1c). Fig-

ure 1 shows that, in samples dominated by decadal-cycling C,

larger 114C values in 2012 correspond with longer turnover

times, whereas, for samples dominated by centennial-cycling

C, lower 114C values in 2012 imply longer turnover times.

Mean modeled turnover times of the slow pool of mineral-

associated C varied between 11 and 26 years, with an over-

all mean and SE of 18 ± 3 years (n= 25) among samples

where114C exceeded the 2012 atmosphere (Fig. 1; Table S2

in the Supplement). Omitting a three-year lag between plant

C fixation and inputs to the mineral-associated pools sub-

tly increased the mean modeled slow-pool turnover time to

20 ± 2 years. Varying turnover times of the passive mineral-

associated C pool and sample 114C in 1988 had relatively

little impact on slow-pool turnover times and the amount

of slow-pool C. The combined impact of varying passive C

turnover and 1988 114C over 1000 model runs generated

standard deviations in slow-pool turnover times between 2

and 4 years (mean 2.8 ± 0.1) for individual samples (Ta-

ble S1 in the Supplement). Slow-pool turnover times and the
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amount of slow-pool C did not differ significantly among to-

pographic positions or depth, although the modeled fraction

of slow-pool C was smallest in the slope 10–20 cm soils, cor-

responding with lowest sample 114C (Table 3).

Slow-pool C greatly exceeded passive C in most (25 of

30) samples, whereas passive C was dominant in the remain-

der (5) (Table S1 in the Supplement). Across all 30 sam-

ples, slow-pool C comprised a mean of 66 ± 2 % of the

mineral-associated fraction (Table 3). Omitting a three-year

lag between C fixation and input increased the percentage

of slow-pool C to 71 ± 3 % of the mineral-associated frac-

tion. Variation in other model parameters had relatively little

impact on the size of the mineral-associated slow C pool;

standard deviations of the percentage of slow-pool C var-

ied between 3 and 10 % for individual soil samples (mean

5.0± 0.2 %). However, inputs of C to the slow pool required

to maintain steady-state C stocks in each 10 cm depth incre-

ment varied more than 5-fold among samples (between 27

and 126 g C m2 yr−1), with an overall mean and SE of 80 ±

5 g C m2 yr−1 (Table 3; Table S1 in the Supplement). When

summed over both depths, slow-pool C inputs tended to be

greatest on ridges, intermediate in valleys, and lowest on

slopes, measuring 183± 18, 166± 19, 132± 17 g C m2 yr−1;

these differences were not statistically significant.

The slow pool of our constrained two-pool model and

the one-pool model of mineral-associated C turnover im-

plied contradictory relationships (of opposite sign) between

C turnover times and114C (Fig. 3). Slow-pool turnover time

increased with114C, whereas the overall turnover times of a

single-pool model decreased with 114C.

3.3 Statistical models of C concentrations, stocks, and

turnover

Mineral-associated C concentrations (mass basis) decreased

with depth, increased with Alca, Fe(II), and Alox concen-

trations, and showed no relationship with 114C or mod-

eled slow-pool turnover times (Table 4). Excluding depth

as a potential variable in model selection yielded a model

with similar explanatory power that included live fine root

biomass. Both models explained the majority of spatial vari-

ation in mineral-associated C concentrations, with R2 val-

ues of 0.88 and 0.73, respectively. Two similar models of

mineral-associated C stocks included (a) 114C and Alox or

(b) Fe(II) and depth, and explained less variation than mod-

els of C concentrations (R2
= 0.46 and 0.43, respectively,

Table 4). The optimal model for 114C and the slow-pool

turnover time of the mineral-associated C fraction included

only one variable: 114C increased with log-transformed

Fe(II) concentrations (R2
= 0.35, p< 0.001; Table 4, Fig. 4),

as did slow-pool turnover times (R2
= 0.25, p< 0.05; Ta-

ble 4).
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Figure 3. Relationships between 114C of the mineral-associated

fraction and modeled turnover time. Circles represent the slow

mineral-associated pool, which comprised most (66 ± 2 %) of the

total mineral-associated C. Squares represent a single-pool model of

mineral-associated C, which has commonly been employed in other

studies but could not be fit to both our 1988 and 2012 samples.

4 Discussion

We examined relationships between soil C content, turnover

of mineral-associated C, and a suite of soil biogeochemi-

cal variables thought to affect C storage across topographic

zones representing three different soil orders characteristic

of humid tropical forests. Samples differed greatly in their

concentrations of reactive Fe and Al, reducing conditions

(as measured by Fe(II) concentrations), and live fine root

biomass, drivers that have been proposed to control soil C

dynamics within and among ecosystems (Torn et al., 1997;

Schuur et al., 2001; Powers and Schlesinger, 2002; Kle-

ber et al., 2005). While we found strong relationships be-

tween several of these biogeochemical indices and mineral-

associated C concentrations, they explained less variation in

mineral-associated C stocks and turnover, which were sur-

prisingly consistent across these disparate soils. Thus, de-

spite the demonstrable differences in biogeochemical char-

acteristics among topographic positions, our results implied

that these soils received similar annual inputs of C to a slow-

cycling mineral-associated C pool.

5 Patterns of mineral-associated C concentrations and

stocks

The mineral-associated “heavy” fraction comprised the vast

majority of soil C in this ecosystem, similar to findings from

other humid tropical forests (Trumbore, 1993; Marin-Spiotta

et al., 2009; Cusack et al., 2011), and contrasting with many

temperate forests where low-density C fractions are often
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Table 4. Linear models of C concentrations, stocks, and slow-pool

turnover. Normalized model coefficients (SE) are analogous to Pear-

son’s r . See Table 2 for variable descriptions. Models A and B rep-

resent different models with similar AIC.

C concentrations

Model A

Depth −0.90 (0.14)

Alca 0.51 (0.09)

Fe(II) 0.35 (0.07)

Alox 0.22 (0.09)

R2 0.88

Model B

Alca 0.41 (0.16)

Fe(II) 0.35 (0.11)

Live fine roots 0.27 (0.14)

Alox 0.25 (0.13)

R2 0.73

C stocks

Model A

114C 0.53 (0.14)

Alox 0.36 (0.14)

R2 0.46

Model B

Fe(II) 0.58 (0.15)

Depth −0.53 (0.29)

R2 0.43

114C

Fe(II) 0.59 (0.15)

R2 0.35

Slow-pool turnover

Fe(II) 0.47 (0.18)

R2 0.25

significant in mineral soils (von Lützow et al., 2007). We

could explain the large majority of the variation in mineral-

associated C concentrations across the catena with a small

suite of biogeochemical drivers: concentrations of reactive

Al; Fe(II); and depth, a factor that could largely be ex-

plained by live fine root biomass. These models of C con-

centrations are consistent with previous work documenting

strong and widespread relationships between reactive met-

als, short-range-order minerals and C content across dis-

parate soils (e.g., Baldock and Skjemstad, 2000; Kleber et al.,

2005; Kramer et al., 2012). However, models also reflected

the likely importance of reducing microsites, as indicated by

Fe(II). Reduced iron accumulation is reflective of O2 limita-

tion, which can decrease decomposition rates by inhibiting

oxidative enzymes and decreasing the ATP yield of respira-

tion. Iron reduction can also release DOC into the soil solu-

tion and increase its bioavailability (Thompson et al., 2006),

although the positive relationship shown here between Fe(II)

and mineral-associated C content and turnover times sug-

gests that any inhibitory effects of anaerobiosis on organic

matter decomposition may predominate in these soils over
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Figure 4. Soil 114C vs. Fe(II) concentrations measured in 0.5 M

HCl extractions conducted in the field (R2
= 0.35, p< 0.001). Re-

duced Fe was the best single correlate of 114C and slow-pool

turnover times; Fe(II) correlated positively with turnover times. Cir-

cles indicate samples with the majority of C in the decadal-cycling

slow pool; triangles indicate samples dominated by passive C of

centennial to millennial age. The relationship between 114C and C

turnover was qualitatively different between these groups of sam-

ples; increased 114C implied longer turnover times for the circles,

and smaller 114C implied longer turnover for the triangles. The

grey horizontal line indicates the approximate 114C of the 2012

atmosphere in Northern Hemisphere zone 2.

decadal timescales. Reduced Fe is potentially vulnerable to

leaching, although O2 heterogeneity promotes Fe oxidation

and precipitation in close proximity to anaerobic microsites

(Hall et al., 2013), leading to the maintenance of large pools

of short-range-order Fe in this system as indicated by the soil

extraction data. Depth was another effective surrogate for

mineral-associated C, which could largely be explained by

increased live fine root biomass in 0–10 cm samples. Substi-

tuting live fine roots for depth only slightly decreased model

predictive power, suggesting the influence of root C inputs

or other covariate(s) related to live fine root biomass in in-

creasing mineral-associated C content. Standardized regres-

sion coefficients indicated that each of these variables (reac-

tive Al, Fe(II), and live fine roots) was similarly important in

explaining spatial variation in C concentrations. Clay content

showed no relationship with soil C, suggesting that hydrous

oxides and metals were more important in stabilizing C than

silicates in these soils, which are dominated by relatively less

reactive kaolinite.

The measured biogeochemical variables were less effec-

tive in explaining patterns of surface soil C stocks than C

concentrations among these samples. This may have been

partially due to a strong inverse relationship between soil-
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mass-based C concentrations and bulk density that has been

widely documented in other soils (Saini, 1966). Transloca-

tion of surface C to deeper (and denser) unsampled horizons

could also contribute to this discrepancy.

5.1 Patterns of mineral-associated C turnover

5.1.1 Comparisons with previous studies in tropical

forests

Despite the importance of tropical forest soils to the global C

cycle, few studies have rigorously constrained the turnover

rates of organic matter pools associated with mineral sur-

faces, which represent the bulk of soil C in these ecosys-

tems. Numerous studies have exploited tropical land-use

conversions characterized by shifts from C3 to C4 vegeta-

tion and concomitant changes in C isotopes to examine C

turnover, yet these investigations cannot separate effects of

disturbance and species change from background C dynam-

ics (Ehleringer et al., 2000). Our results demonstrated con-

sistently rapid turnover of the mineral-associated slow C pool

(11–26 years; mean and SE: 18± 3 years), which represented

the majority (66± 2 %) of mineral-associated C in most sam-

ples. These estimates are remarkably consistent with 14C-

derived turnover estimates by Trumbore et al. (1995) from

Oxisols in seasonally dry Amazonian forests, where the slow

pool of dense organic matter turned over on timescales of 10–

30 years. Our estimates of slow-pool C turnover are also sim-

ilar to several Hawaiian ecosystems (Townsend et al., 1995;

Torn et al., 2005) but faster than those modeled in an Ama-

zonian Oxisol in Manaus, where most C (70 %) turned over

on timescales of 70 years at 10 cm depth (Telles et al., 2003).

5.1.2 Trends in C turnover with depth

Notably, we generally found similar114C and turnover rates

in surface (0–10 cm) and subsurface (10–20 cm) depths (cor-

responding with A and B horizons, respectively) across all

catena positions. This finding contrasts with steep declines

in decomposition rates frequently observed in relatively shal-

low B horizons in other ecosystems (Trumbore et al., 1995;

Gaudinski et al., 2000; Telles et al., 2003; Torn et al., 2013).

Inputs of surface litter and root biomass are typically thought

to be lower in B horizons, but C redistribution by anecic

earthworms and other soil fauna likely provides an impor-

tant source of C inputs to the subsoil, as these organisms

are extremely abundant at this site and in many other hu-

mid tropical forests (Gonzalez et al., 2006). Dissolved or-

ganic C (DOC) represents another likely source of C to sub-

surface soils, and concentrations are very low (∼ 2 mg L−1)

at A–B horizon boundaries at this site (Hall et al., 2013),

indicative of high sorption capacity. Five of the 30 samples

had 114C lower than the 2012 atmosphere, and these also

tended to have lower C concentrations, likely reflecting “di-

lution” of the slow pool by passive C with pre-modern 114C

values. These samples may reflect recent fine-scale redistri-

bution of surface soil and exposure of deeper soil horizons

following disturbances such as small treefall gaps (scale of

square meters), which are common in this forest (Scatena

and Lugo, 1995). Overall, our findings of high 114C and

relatively fast turnover across the two depths sampled here

suggests that both surface and shallow subsurface mineral-

associated organic matter may respond more rapidly to envi-

ronmental change than was previously thought (de Camargo

et al., 1999).

5.1.3 Impacts of biogeochemical drivers on C turnover

The overall similarities in turnover times across topographic

positions despite large differences in concentrations of re-

active Al, Fe, and clay content suggest that spatial varia-

tion in mineral–organic interactions may have less impact

on C turnover rates in these highly weathered soils (Ulti-

sols, Oxisols, and Inceptisols) than in allophane-rich Andis-

ols, where short-range-order minerals were a dominant pre-

dictor of 114C (Torn et al., 1997). Herold et al. (2014) sim-

ilarly found a positive relationship between reactive metals

and C content, but not 114C, in German Luvisols and Stag-

nosols. Thus, strong positive relationships between soil C

concentrations and the reactive Al content measured in soil

extractions may reflect the importance of metal–organic as-

sociations in transient C accumulation rather than long-term

C stabilization in this ecosystem. Concentrations of Fe(II) in-

dicative of microbial Fe reduction were the only variable sig-

nificantly correlated with114C and turnover times. Although

Fe(II) concentrations vary over time in this ecosystem in re-

sponse to microsite-scale biogeochemical processes, nearby

plots tended to maintain differences and rank order in reduc-

ing conditions (Hall et al., 2013), likely as a function of mi-

crotopography (i.e., concave vs. convex surfaces over scales

of tens of centimeters). Thus, the variation by nearly 4 or-

ders of magnitude in Fe(II) concentrations that we observed

among plots likely reflects, at least to some extent, constitu-

tive differences in reducing conditions. The positive relation-

ship between Fe(II) and 114C may suggest that microsite

O2 limitation affects slow-pool C turnover, possibly due to

the inhibition of oxidative enzymes and/or decreased energy

yield of decomposition, as discussed above. The trend to-

wards greater 114C (implying longer turnover) in 10–20 cm

horizons of the valley soils, which experience the lowest

bulk soil O2 availability, is also supportive of this hypothesis.

We found no significant differences in mineral-associated C

turnover and stocks across ridge, slope, and valley positions

despite variation in bulk soil O2 measured previously (Sil-

ver et al., 1999). Differences between bulk soil O2 and Fe(II)

concentrations are by no means surprising, as they reflect dif-

ferent spatial scales of redox heterogeneity (macropore O2

content vs. soil microsites) that have long been known to ex-

ist in soils (Sexstone et al., 1985). The pattern of significantly

greater occluded light C content in valley soils, however, may
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imply that consistently lower bulk soil O2 availability might

promote the accumulation of this fraction. Berhe et al. (2012)

found a similar pattern of light fraction C accumulation in a

poorly drained valley in a Mediterranean shrub/grassland.

5.1.4 Steady-state mineral-associated C inputs

Another implication of the relatively rapid turnover of the

slow-cycling C pool and the uniform C stocks across the

catena is the substantial C input to the mineral-associated

fraction required to maintain steady state. Aboveground

litterfall net primary production (NPP) averages approxi-

mately 900 g biomass m−2 yr−1 in this forest (Scatena et al.,

1996), implying that root NPP is likely of similar magni-

tude (Malhi et al., 2011). Assuming a C concentration of

50 % in above- and belowground litter inputs, this implies

that roughly 900 g C m−2 yr−1 are delivered to the soil via

leaf and root litter. Modeled turnover times of the mineral-

associated slow pool imply C inputs of 76–228 g C m−2 yr−1

(mean = 160 g C m−2 y−1) from 0 to 20 cm in each plot. In-

puts of C to the mineral-associated slow pool thus represent a

substantial C flux of approximately 10–25 % of annual litter

inputs in this forest. These are conservative estimates given

that inputs to the mineral-associated slow fraction C below

20 cm depth are also likely to be important (Koarashi et al.,

2012), especially in ridges and valleys, where the 0–10 and

10–20 cm horizons did not differ in 114C or C stocks.

5.1.5 Erosion/deposition impacts on 114C

Erosion and deposition also represent potentially important

fluxes of C in these soils over pedogenic timescales given

their steep slopes and high precipitation, but erosion is un-

likely to have an overriding impact on interpretations of

decadal C turnover times in our sites. Other studies have

shown114C enrichment in toeslope positions corresponding

with recent C inputs from upslope erosion (Berhe et al., 2012;

Berhe and Kleber, 2013). In these studies, relatively small

inputs of modern C had a large impact on soil 114C and in-

ferred turnover times due to the predominance of pre-modern
14C in these soils. In our study ecosystem, however, rapid cy-

cling of the mineral-associated slow C pool led to significant

bomb 14C enrichment in all samples regardless of year sam-

pled or topographic position. In this context, realistic inputs

of C from erosion would have negligible impact on mineral-

associated 114C, given that erosive transport in this site is

relatively minor in comparison with biological C fluxes over

annual to decadal timescales. Lateral surface fluxes of fine

litter and soil on slopes averaged 5± 4 and 9± 6 g m−2 yr−1

(masses of litter and soil, respectively) in sites located near

our plots (Larsen et al., 1999). Even if erosion were 10-

fold greater at our site, the C fluxes would be negligible in

comparison with litter inputs to the mineral-associated slow

pool. We acknowledge that large episodic landslides impact-

ing > 100 m2 can occur in this forest (Scatena and Lugo,

1995), although there is no evidence of major landslides at

this site over the preceding decades. The low clay content

of the riparian valley soils relative to ridges and slopes sug-

gests that clay removal by irregular flood events exceeds clay

deposition over pedogenic timescales. Thus, large-scale geo-

morphic processes such as landslides and floods shape this

forest landscape over scales of centuries to millennia, but

their impact on C dynamics of the mineral-associated slow

pool has likely been minor at this particular site over at least

the last several decades.

Nevertheless, fine-scale variation in geomorphic processes

such as soil creep or tree tip-up mounds may be important in

explaining variation in soil 114C among samples, particu-

larly for the five samples with relatively lower 114C values.

Relatively fewer 14C studies have been conducted along hill-

slope catenas, which are likely to show greater spatial vari-

ability than soils formed on level terrain.

5.2 Implications for models and global trends in

mineral-associated C turnover

The presence of archived soil samples was critical for con-

straining our models of mineral-associated C turnover, yet

relatively few historical data sets have been analyzed for 14C.

We are aware of only one such study conducted in humid

tropical soils (Telles et al., 2003), although this approach has

been applied more frequently in temperate soils (Trumbore

et al., 1996; Baisden et al., 2002, 2013; Koarashi et al., 2012;

Sierra et al., 2012; Schrumpf and Kaiser, 2015). Radiocarbon

analysis of archived 1988 samples revealed that we could not

usefully model the mineral-associated C fraction as a uni-

form pool with a single turnover time. Although the hetero-

geneous nature of mineral-associated C and the implications

for modeling were noted almost two decades ago (Trumbore

et al., 1995), many recent studies modeled the turnover of

physically separated mineral-associated C fractions as uni-

form pools (Crow et al., 2007; Marin-Spiotta et al., 2008;

Leifeld and Fuhrer, 2009; Meyer et al., 2012; McFarlane et

al., 2013; Herold et al., 2014). Other studies have further sep-

arated mineral-associated C by additional density fractions or

chemical treatment (Telles et al., 2003; Sollins et al., 2009;

Giardina et al., 2014), but these fractions also likely represent

mixtures of faster- and slower-cycling C pools that compli-

cate interpretation of a single mean residence time. For ex-

ample, Telles et al. (2003) found significant bomb 14C in acid

hydrolysis residue of a dense soil fraction. This finding illus-

trates that even C that is highly stable to chemical degrada-

tion can have a significant fast-cycling component, and thus

cannot be usefully modeled as a uniform pool.

Using multiple 14C measurements over time to mathemat-

ically model multiple C pools within a single density fraction

provides a useful alternative to physically separating each

pool of interest. Using an 11-point time series from a New

Zealand grassland soil, Baisden et al. (2013) showed that a

two-pool model could closely approximate bulk soil 14C dy-
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namics. Additional work showed that including a third pool

of rapidly cycling (months–years) C was also useful (Bais-

den and Keller, 2013). However, in the present study we

did not have access to additional data necessary to param-

eterize a third pool. Rather, to minimize the impact of very

rapidly cycling C we removed particulate organic matter by

density fractionation (Baisden and Canessa, 2013). Particu-

late organic matter typically decomposes over timescales of

months in this ecosystem (Cusack et al., 2009) and thus has

a significantly different isotope composition from mineral-

associated C which would affect bulk soil 114C values even

at low abundance. It is likely that mineral-associated C also

contains a portion of very rapidly cycling C, although this

pool is inherently difficult to estimate with 14C measure-

ments (Baisden and Keller, 2013) and merits future study

using other methods such as stable isotope labeling.

Our results confirm that single-pool turnover models of

mineral-associated C can lead to misleading interpretations

of turnover times and their relationship to 114C, as recently

summarized by Baisden and Canessa (2013). In our study,

a one-pool model could not capture observed changes in

114C between 1988 and 2012, and one- and two-pool mod-

els of mineral-associated C yielded contradictory relation-

ships between114C and modeled mean residence times. Im-

portantly, the one-pool model reversed the sign of the rela-

tionship between 114C and turnover time, because a slow

pool with decadal turnover times represented the majority of

mineral-associated C in the two-pool model. Thus, relation-

ships between C turnover and environmental drivers assessed

using one-pool models of mineral-associated C can be quali-

tatively incorrect. Furthermore, the centennial turnover times

of mineral-associated organic matter implied by many one-

pool models (Leifeld and Fuhrer, 2009; Meyer et al., 2012;

McFarlane et al., 2013; Herold et al., 2014) obscure the find-

ing from two-pool models that most mineral-associated C ap-

pears to cycle over decadal scales.

Accumulating evidence from studies employing paired
14C analysis across a broad range of ecosystems and soil

types suggests that most mineral-associated C in surface

horizons cycles over scales of years to several decades and

thus may respond more rapidly to ecosystem perturbations

than previously thought. For example, residence times of a

slow pool comprising > 70 % of mineral-associated C var-

ied between 10 and 40 years among samples spanning a 3-

million-year grassland chronosequence in California (Bais-

den et al., 2002). Similarly, 78–85 % of total soil C (in-

cluding a large portion of mineral-associated C) cycled over

timescales of 9–17 years across New Zealand grassland soils

varying in mineralogy (Baisden et al., 2013). Hydrolyzable

C comprising the majority of mineral-associated C also cy-

cled over decadal scales in surface soils across an elevation

gradient in the Sierra Nevada of California (Trumbore et al.,

1996). Subsoil mineral-associated organic matter in this re-

gion showed similar dynamics, where 28–73 % of C had

turnover times of 10–95 years (Koarashi et al., 2012). The

slow-pool turnover times and abundances modeled in our

study fall within this range, as do reported values from other

humid tropical forests (Trumbore et al., 1995). In summary,

these studies suggest that most mineral-associated C across

a broad range of ecosystems cycles over decadal timescales,

with little apparent relationship to differences in climate. Ad-

ditional geographically distributed measurements of soil 14C

over time could provide insight into the impacts of ecosys-

tem state factors on mineral-associated C turnover at a global

scale.

6 Conclusions

Overall, we found that dynamics of mineral-associated soil C

pools were remarkably similar across biogeochemically dis-

tinct soils spanning three taxonomic orders and two surface

soil depths in a humid tropical forest, with 66 % of this C

cycling over timescales of approximately 18 years. Our re-

sults highlight the importance of dynamics of the mineral-

associated slow pool in mediating surface soil responses

to global change. Our data indicate that soil depths of at

least 20 cm can be dominated by mineral-association C with

decadal rather than centennial/millennial turnover times, and

that large differences in soil biogeochemical properties such

as texture, pH, reactive metal content, root biomass, and

bulk soil O2 do not necessarily have discernable impacts on

decadal turnover rates. However, an index of reducing con-

ditions (Fe(II) concentrations) at the scale of individual soil

samples provided the best single predictor of 114C , slow-

pool turnover, and C stocks, suggesting the influence of mi-

crosite redox conditions on C dynamics in these upland soils.

The Supplement related to this article is available online

at doi:10.5194/bg-12-2471-2015-supplement.
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