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Tropical forest soil microbial communities couple iron
and carbon biogeochemistry
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Abstract. We report that iron-reducing bacteria are primary mediators of anaerobic
carbon oxidation in upland tropical soils spanning a rainfall gradient (3500–5000 mm/yr) in
northeast Puerto Rico. The abundant rainfall and high net primary productivity of these
tropical forests provide optimal soil habitat for iron-reducing and iron-oxidizing bacteria.
Spatially and temporally dynamic redox conditions make iron-transforming microbial
communities central to the belowground carbon cycle in these wet tropical forests. The
exceedingly high abundance of iron-reducing bacteria (up to 1.2 3 109 cells per gram soil)
indicated that they possess extensive metabolic capacity to catalyze the reduction of iron
minerals. In soils from the higher rainfall sites, measured rates of ferric iron reduction could
account for up to 44% of organic carbon oxidation. Iron reducers appeared to compete with
methanogens when labile carbon availability was limited. We found large numbers of bacteria
that oxidize reduced iron at sites with high rates of iron reduction and large numbers of iron
reducers. The coexistence of large populations of iron-reducing and iron-oxidizing bacteria is
evidence for rapid iron cycling between its reduced and oxidized states and suggests that
mutualistic interactions among these bacteria ultimately fuel organic carbon oxidation and
inhibit CH4 production in these upland tropical forests.

Key words: bacteria; carbon cycling; iron reduction; Luquillo Mountains; methanogenisis; microbial
ecology; Puerto Rico; tropical forest soils.

INTRODUCTION

Humid tropical forests account for an estimated 35%
of global plant productivity and 20% of global soil

organic carbon (C) storage (Jobbagy and Jackson 2000,

Saugier et al. 2002). Highly weathered soils found in

much of the humid tropics contain high concentrations

of iron (Fe) and aluminum (Al) oxides that strongly

influence the bioavailability of nutrients and C (Sanchez

1976, Uehara and Gillman 1981). Adsorption to metal

oxide surfaces is a major reservoir for soil phosphorus

(P) and organic C that is not readily accessible to plants

and microbes. Constraints on nutrients and C availabil-

ity imposed by metal oxides may limit productivity in

tropical forests and influence the capacity of soils in

these ecosystems to store C (Herbert and Fownes 1995,

Torn et al. 1997, Vitousek and Farrington 1997).

When oxygen (O2) availability is limiting, some

bacterial taxa can transform Fe oxide minerals by

rapidly reducing ferric iron, Fe(III) (Lovley et al. 2004).

Microbial reduction releases ferrous iron, Fe(II), into

solution as well as P and C that are sorbed or occluded

by Fe(III) oxides (Patrick and Khalid 1974, Chacón et

al. 2006, Wagai and Mayer 2007). Dissimilatory Fe(III)-

reduction by bacteria can also play a central role in
decomposition and trace gas emissions from soil. In

some environments where Fe(III) oxides are abundant

and O2 is scarce, the anoxic oxidation of C is due almost

entirely to the reduction of Fe(III) by bacteria (Canfield

et al. 1993, Roden and Wetzel 1996, Neubauer et al.

2005). In addition, Fe(III)-reducers can suppress meth-

ane (CH4) production by competing for acetate and

hydrogen with methanogenic archaea (Lovley and

Phillips 1987, Achtnich et al. 1995, Frenzel et al. 1999,

Chidthaisong and Conrad 2000, Teh et al. 2008).

Upland tropical soils in high-rainfall areas may be

ideal habitats for Fe-cycling bacteria. There is great

potential for anaerobic and microaerobic microbial

activity in humid tropical soils due to high biological

O2 demand that is fueled by available C and persistently
warm and wet conditions. Soil O2 concentrations can

fluctuate between near atmospheric to anoxic over short

time scales (hours to days) and distances (meters) (Silver

et al. 1999). In addition, large quantities of poorly

crystalline Fe(III) minerals that are amenable to

bacterial reduction have been found in humid tropical

soils (Miller et al. 2001, Küsel et al. 2002, Peretyazhko

and Sposito 2005) and are likely to be the most

abundant electron acceptor for microbial respiration

upon soil O2 depletion. The juxtaposition of both

oxidizing and reducing conditions in these high-C,
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high-Fe soils has potential to select for large numbers of

Fe(III)-reducing and Fe(II)-oxidizing bacteria that may

be centrally important to carbon and nutrient cycling in

the humid tropics.

In this study we quantified the abundance and activity

of Fe(III)-reducing bacterial communities in the rooting

zone of three upland tropical forests that span an

orographic rainfall gradient in northeast Puerto Rico.

We determined Fe(III)-reduction rates and estimated

the potential contribution of Fe(III)-reducing bacteria

to mineralization of organic matter and inhibition of

CH4 production. We investigated the short-term re-

sponse of Fe(III) reduction to labile C and electron

shuttling quinones to determine whether inputs of labile

C (through root exudates, dissolved organic carbon, and

plant litter production) could accelerate Fe(III) reduc-

tion. We also quantified Fe(II)-oxidizing bacteria,

assessing their potential importance in replenishing

Fe(III) to the Fe(III)-reducing community; this mutu-

alism could underlie the coupling of Fe and C processing

in these tropical forest systems.

METHODS

Site description

This study was conducted in the Luquillo Experimen-

tal Forest, a National Science Foundation Long Term

Ecological Research site in northeastern Puerto Rico

(188300 N, 658800 W), part of the NSF-sponsored Long

Term Ecological Research Program. Five sites were

chosen in montane wet and rain forests sensu Holdridge

(1967) that span an elevation gradient from 350 to 950

m above sea level (asl). Precipitation increases with

elevation from 3500 to 5000 mm/yr (including cloud

input) and mean annual temperature decreases from

238C to 198C (Brown et al. 1983). The climate is

relatively aseasonal with little monthly variability in

precipitation and temperature (Brown et al. 1983,

Scatena 1989). The lowest elevation is characterized as

the tabonuco forest type (subtropical wet forest, SWF);

we sampled from ridge (SWF-R) and valley floor (SWF-

V) environments. At mid-elevation we sampled two sites

in the colorado forest type (lower montane wet forest,

MWF) (MWF-1, MWF-4), and at the highest elevation

we sampled in a cloud forest (lower montane rain forest,

MRF). Site characteristics are shown in Table 1.

The steep and highly dissected terrain of the Luquillo

Mountains is subject to some of the most intense

weathering on the Earth’s surface (White et al. 1998).

Soils are derived from a bedrock of marine volcano-

clastic sediments that contain quartz diorite intrusions.

SWF soils are classified as parasesquic, isohyperthermic

Typic Haplohumults; MWF soils are kaolinitic, iso-

thermic Aquic Dystrudepts; and MRF soils are mixed,

isomesic Humic Haplaquox (Huffaker 2002). Redox-

imorphic features such as mottling and gleying were

observed in SWF-V, MWF, and MRF soils, and plaques

of iron oxides on roots were observed in MRF soils.

Silver et al. (1999) characterized bulk soil O2

concentrations and CH4 fluxes in these forests over a

two-year period. Oxygen concentrations at 10 cm depth

averaged 21% in SWF-R soils, 10% in SWF-V soils, 13%
in MWF soils, and 8% in MRF soils. In all but the SWF-

R soils, O2 concentrations were highly variable over time

and conditions ranged from oxic to anoxic (,1% O2) on

the scale of days. Net CH4 efflux was inversely

correlated with soil O2 and averaged �0.8 mg

CH4�m�2�d�1 in SWF-R soils, 4.6 mg CH4�m�2�d�1 in

SWF-V, 0.3 mg CH4�m�2�d�1 in MWF soils, and 97.7

mg CH4�m�2�d�1 in MRF soils.

Soil sampling and chemical analyses

Within each of the five forest types we sampled along

three 10 m long transects that were randomly placed at

each site. Transects within a forest type were within an

area of ;100 m2. Along each transect five 6 cm diameter

soil cores from the primary rooting zone (0–10 cm

depth) were collected for rate measurements, five cores

were collected for bacterial counts and experimental

incubations, and five cores were collected for soil

chemical and physical analyses. Intact soil cores were

transported in sealed ziploc bags at room temperature to

the University of California, Berkeley and prepared for

analysis within 24 hours after collection.

Five soil cores from each transect were homogenized

and measured for gravimetric water content and pH in

1:1 slurry of deionized water. Samples used for all other

chemical and physical analyses were pooled and

homogenized by transect, freeze dried, and sieved

through a 20-mesh screen. Total Fe and Mn (hydr)ox-

ides were measured in duplicate for each sample using a

TABLE 1. Montane wet and rain forest site characteristics in the Luquillo Experimental Forest, Puerto Rico.

Site
Elev.
(m asl)

MAP
(mm) pH

FePC
(mg/g)

FeTOT

(mg/g)
FePC/
FeTOT

MnTOT

(mg/g) C (%) N (%)
Sand–silt–
clay (%)

SWF-V 300 3500 5.5a (0.1) 6.2 (0.2) 30.7a (4.6) 0.21a (0.03) 0.84a (0.26) 3.9a (0.6) 0.27a (0.03) 23–43–33
SWF-R 350 3500 4.8b (0.1) 7.4 (0.7) 57.5b (2.7) 0.13a (0.02) 0.75a (0.09) 2.6a (0.3) 0.21a (0.01) 14–35–52
MWF-1 750 4200 4.5b (0.1) 10.6 (0.4) 18.0a (1.4) 0.59b (0.03) 0.09b (0.01) 5.0a (0.4) 0.27a (0.03) 59–19–22
MWF-4 780 4200 5.1ab (0.2) 9.6 (2.3) 21.7a (6.2) 0.51b (0.13) 0.07b (0.01) 7.4a (2.0) 0.31a (0.06) 63–18–18
MRF 950 5000 5.0ab (0.2) 10.5 (1.9) 19.2a (2.1) 0.54b (0.04) 0.07b (0.01) 12.9b (0.8) 0.54b (0.04) 29–51–19

Notes: Different lowercase letters indicate significant differences between sites (Tukey test, P , 0.05). Values in parentheses are
standard errors among transects. Key to sites: SWF-V, subtropical wet forest valley; SWF-R, subtropical wet forest ridge; MWF,
montane wet forest; MRF, montane rain forest. Key to other abbreviations: MAP, mean annual precipitation; FePC, poorly
crystalline iron oxides; FeTOT, total iron oxides; MnTOT, total manganese oxides. Elevation is reported in meters above sea level.
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citrate–bicarbonate–dithionite extraction (Loeppert and

Inskeep 1996). Poorly crystalline Fe oxides were

measured in duplicate using a citrate–ascorbate extrac-

tion (Reyes and Torrent 1997). Concentrations of Fe

and Mn in these extracts were analyzed by inductively

coupled plasma spectroscopy (PerkinElmer ICP-OES,

Waltham, Massachusetts, USA). Total C and N were

measured on samples that were ground to a fine powder

and analyzed with an automated nitrogen and carbon

analyzer (PDZ Europa, Crewe, UK). Particle size

analysis was conducted by the University of California

ANR Analytical Laboratory (Davis, California, USA).

Bacterial abundance

All soils were enumerated for culturable bacteria

that reduce Fe(III) directly or in the presence of an

electron-shuttling quinone, anthraquinone-2,6-disulfo-

nate (AQDS). AQDS is considered a humic acid

analogue and contains quinone moieties that can be

reduced by microorganisms for respiration, but is not

readily decomposed as a source of C (Lovley et al.

1996). Microorganisms can transfer electrons to

quinones in extracellular compounds, such as humic

substances, which can then shuttle electrons to

insoluble Fe(III) and regenerate the oxidized quinone

for repeated bacterial reduction. Electron shuttling to

Fe(III) via extracellular quinones can increase the

reductive dissolution of both poorly crystalline and

crystalline Fe(III) oxides (Nevin and Lovley 2002).

Cell densities of Fe(III)-reducing bacteria were

estimated with a most probable number (MPN) analysis

of composite samples that were homogenized by

transect. Samples for MPN analysis were collected on

two occasions in 2004 and 2006. Immediately upon

arrival to the laboratory, samples were prepared for

analysis in an anaerobic chamber (Coy Laboratory

Products, Grass Lake, Michigan, USA) with an 80% N2

þ 15% CO2 þ 5% H2 atmosphere. Each initial dilution

(10�1) contained a 50-g sample added to sterile medium

supplemented with 0.1% Na-pyrophosphate and 0.03%
Tween 80 to release cells bound to soil particles. Growth

media contained acetate (10 mmol/L) as the electron

donor and either poorly crystalline Fe(III) oxides (30

mmol/L) or the soluble quinone AQDS (100 lmol/L)þ
amorphous Fe(III) oxides (30 mmol/L) as the electron

acceptor(s). Poorly crystalline Fe(III) oxides were

prepared as described by Schwertmann and Cornell

(2000) and added to basal freshwater medium consisting

of (in g/L): NaCl (1.0), MgCl2�6H2O (0.4), CaCl2�2H2O

(0.15), KH2PO4 (0.2), KCl (0.5), and NH4Cl (0.25). The

medium was adjusted to pH 5.0, autoclaved, and

supplemented with 1 mL/L each of SL12 trace elements

solution, vitamin solution (Pfennig and Trüper 1992),

and selenite–tungstate solution (Widdel and Bak 1992).

The medium was dispensed into 96-well microtiter

plates, and samples were serially diluted to a dilution

of 10�11 with four replicates per dilution. Inoculated and

negative-control plates were incubated anaerobically in

the dark at room temperature for 60 days. Positive

growth was visualized by adding ferrozine solution that

turns purple in the presence of Fe(II). MPN estimates

were calculated using the Most Probable Number

Calculator version 4.04 (Klee 1996).

Cell densities of lithotrophic Fe(II)-oxidizing bacteria

were estimated with a MPN analysis of samples that

were homogenized by site. Fe(II)-oxidizing bacteria

were cultured in gradient tubes as described in Emerson

and Moyer (1997) using ferrous sulfide as the Fe(II)

source. Gradient tubes provide an environment with

opposing gradients of O2 and Fe(II) to accommodate

microaerophilic growth by Fe(II)-oxidizing bacteria.

Serial dilutions to 10�9 with three replicates per dilution

were made with modified Wolfe’s mineral media

(Emerson and Moyer 1997) and incubated in gradient

tubes at room temperature for 90 days. A discrete band

of oxidized Fe at the oxic–anoxic interface indicated

positive growth.

Number of total microbial cells were enumerated by

direct counts. Soils were diluted to 10�3 in 50-mmol/L

filter sterilized KHPO4 buffer containing 0.1% Na-

pyrophosphate and 0.03% Tween 80. Cells were stained

by adding 500 lL of the diluted sample to 120 lL
SYTO-9 dye prepared from the LIVE/DEAD BacLight

Bacterial Viability Kit (Invitrogen, Carlsbad, California,

USA). Stained samples were incubated in the dark for 15

minutes, washed, and added to a black polycarbonate

membrane for counting. Digital images of stained

samples were captured using an epiflourescence micro-

scope and analyzed with the aid ImageJ version 1.38w

(National Institutes of Health, Bethesda, Maryland,

USA; available online).2

Rates of iron reduction and trace gas emissions

Rates of Fe(III) reduction were estimated by measur-

ing the amount of Fe(II) production in 24-hour

anaerobic incubations. Intact soil cores were placed in

an anaerobic glove bag with a 100% N2 atmosphere.

Each soil core was split longitudinally. One-half was

immediately homogenized and duplicate 3-g subsamples

were added to 30 mL of 1 mol/L HCl for an initial

measurement of Fe(II). Fe(II) was extracted by shaking

for 1 h in 1 mol/L HCl and filtering through a 0.22-

lmol/L syringe filter. Fe(II) in the extract was measured

colorimetrically using the ferrozine method (Stookey

1970); 100 lL or 20 lL (when [Fe(II)] . 1 mmol/L) of

the filtrate was added to 2 mL ferrozine solution (1 g/L

ferrozine in 50 mmol/L HEPES buffer, pH 7.0). After 10

minutes, absorbance was measured with a spectropho-

tometer at a wavelength of 562 nm.

The other half of the sample was weighed and sealed

in a 1-quart (0.9-L) mason jar equipped with a rubber

septa for gas sampling. After 24 h of anaerobic

incubation at 258C gas samples were collected with

2 hhttp://rsbweb.nih.gov/ij/i
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gastight syringes and stored in pre-evacuated 20-mL

serum bottles sealed with butyl rubber septa (Geo-
Microbial Technologies, Ochelata, Oklahoma, USA). At

24 h, soil samples were removed from jars in the

anaerobic glove bag, homogenized, and extracted for
Fe(II). Gas samples were measured for CO2 and CH4

using a gas chromatograph (SRI Instruments, Torrance,
California, USA) equipped with a thermal conductivity

detector and a flame ionization detector.

Effects of carbon additions

The effects of labile C and soluble quinines on Fe(II)

production rates were tested using anaerobic slurry
incubations. Soil cores were homogenized by transect in

an anaerobic glove bag and split into three treatments
with three replicates each. Slurries were prepared in

amber 125-mL serum vials with 20 g soil and deoxy-
genated water using a 2:1 water to soil ratio. The

treatments were a control with no added C, an addition
of 5 mmol/L glucose, and an addition of 250 lmol/L of

the soluble quinone AQDS. Vials were sealed with butyl
rubber septa, flushed with N2, and incubated for 36 h.

At 0 and 24 h, 1 mL of the slurry was sampled with a
syringe and extracted for Fe(II) in 9 mL of 1 mol/L HCl.

Fe(II) was measured using the ferrozine assay described

previously.

RESULTS

Abundance and activity of Fe-cycling bacteria

Large numbers of culturable Fe(III)-reducing bacteria

were detected in all forest soils, and cell densities
generally increased from lower- to upper-elevation sites

(Table 2). Cell densities were highest in the MRF with
an average of 1.23 109 cells/g and lowest in the SWF-R

soils with an average of 0.7 3 108 cells/g. No significant
differences in cell densities were observed between the

two sampling dates. By comparing counts of culturable

Fe(III)-reducers to direct counts of total microbial cells,
Fe(III)-reducers were estimated to comprise between at

least 1% to 6% of the total microbial community in these
soils (Table 2). These estimates may be conservative,

however, because most bacteria are unlikely to grow in
culture using standard methods (Achtman and Wagner

2008).

The number of resident Fe(III)-reducing bacteria was

significantly related to the rate of Fe(II) production in

soil (Fig. 1). Rates of Fe(II) production were highest in

MRF soils and lowest in SWF soils (Table 2). Up to

44% of total CO2 production could be attributed to

Fe(III) reduction based on the stoichiometric relation-

ship of one mole of carbohydrate C oxidized for every

four moles of Fe(II) produced (Table 2). Soil organic C

concentrations were strongly positively correlated with

Fe(II) production (R2 ¼ 0.72; Fig. 2).

The number of culturable lithotrophic Fe(II)-oxidiz-

ing bacteria was largest in soils with the highest Fe(II)

production rates (Fig. 3). Cell densities of Fe(II)-

oxidizing bacteria ranged from 6.6 3 105 cells/g in

SWF-R soils to 1.1 3 108 cells/g in MRF soils.

Carbon additions

Fe(II) production rates increased rapidly in nearly all

soils upon addition of glucose and soluble quinone (Fig.

TABLE 2. Abundance and activity of soil Fe(III)-reducing bacteria.

Site

Number
Fe(III)-reducers
(108 cells/g)

Rel. abundance
Fe(III)-reducers
(% total cells)

Fe(II) production
(lmol�g�1�d�1)

CO2 from Fe(II)
production (%)

SWF-V 0.8a (0.4) 0.7a (0.3) 0.7ab (0.3) 11.2ab (4.1)
SWF-R 0.7a (0.2) 1.4ab (0.6) 0.1a (0.04) 3.6a (0.8)
MWF-1 2.1ab (1.4) 1.5ab (1.0) 0.8abc (0.2) 13.5ab (3.0)
MWF-4 6.5bc (1.7) 5.0ab (1.6) 3.2bc (1.6) 36.6ab (16.0)
MRF 11.5c (0.2) 5.7b (1.0) 3.7c (0.7) 43.8b (7.5)

Notes: Fe(II) and CO2 production were measured in 24-hour anaerobic incubations. Different
superscript letters indicate significant differences between sites (Tukey test, P , 0.05). Values in
parentheses are standard errors among transects. Key to abbreviations: SWF-V, subtropical wet
forest valley; SWF-R, subtropical wet forest ridge; MWF, montane wet forest; MRF, montane rain
forest.

FIG. 1. Fe(II) production rates (R2 ¼ 0.59, P , 0.001) vs.
the number of Fe(III)-reducing bacteria in the Luquillo
Experimental Forest, Puerto Rico. Key to abbreviations:
SWF-R, subtropical wet forest ridge; SWF-V, subtropical wet
forest valley; MWF, montane wet forest; MRF, montane rain
forest.
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4). Glucose addition increased rates of Fe(II) produc-

tion by an average of 2.4-fold across all sites. The largest

proportional increase in Fe(II) production with glucose

addition occurred in soils with the lowest concentrations

of soil organic C (Fig. 4a). Soluble quinone addition

increased rates of Fe(II) production by an average of

2.7-fold across all sites. No significant relationship was

observed between the proportional increase in Fe(II)

production with quinone addition and the concentration

of soil organic C (Fig. 4b).

Trace gas production

Anaerobic CO2 production was positively correlated

with soil organic C (R2¼ 0.68, P , 0.001), similar to the

relationship between Fe(II) production and organic C

(Fig. 2). Log-transformed Fe(II) production increased

linearly with anaerobic CO2 production (R2¼ 0.67, P ,

0.001) (Fig. 5a). A different pattern was observed for the

relationship between CO2 production and CH4 produc-

tion (Fig. 5b). Methane production rates were small

(,1.5 nmol�g�1�d�1) and did not increase until CO2

production rates approached 1.85 lmol�g�1�d�1. Thus

substantial Fe(II) production and anaerobic CO2

respiration were observed where CH4 production was

negligible. In soils with higher rates of CO2 production,

however, CH4 production increased precipitously to

rates up to 300 nmol�g�1�d�1.

DISCUSSION

The large numbers of Fe(III)-reducing and Fe(II)-

oxidizing bacteria coupled with high rates of Fe(II)

FIG. 2. Fe(II) production rates as a function of soil organic
C content (percentage of soil by mass). Fe(II) production was
modeled by organic C (%)3 0.12þ 2.16 (R2¼ 0.72, P , 0.001).

FIG. 3. Fe(II) production rates vs. number of Fe(II)-
oxidizing bacteria (R2 ¼ 0.97, P¼ 0.002).

FIG. 4. Stimulation of Fe(II) production by (a) glucose and
(b) the soluble quinone AQDS as a function of soil organic C
content (percentage of soil by mass). Data points above the
dashed line indicate Fe(II) production rates that exceed the
control (no C addition). Both glucose and quinone significantly
increased Fe(II) production rates across all soils (paired t test,
P , 0.001). The negative relationship between soil organic C
and increase in Fe(II) production by glucose addition was
significant (R2 ¼ 0.37, P ¼ 0.016). There was no significant
relationship between soil organic C and increase in Fe(II)
production by quinone addition.
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production indicate that Fe redox cycling by soil

bacteria is an important biogeochemical process in

upland tropical forests. The number of Fe-cycling

bacteria found in the upland soils in our study rival or

exceed those found in wetland soils and lake-bottom

sediments where Fe(III) reduction is more commonly

identified as a dominant mode of microbial respiration

(Roden and Wetzel 1996, Lowe et al. 2000, Kostka et al.

2002, Weiss et al. 2003, Kappler et al. 2004, Weber et al.

2006). Fe(III) reduction could account for more than a

third of anoxic soil CO2 production in the mid- and

upper-elevation tropical forests studied here (Table 2)

with some individual transects exhibiting rates of Fe(III)

reduction that could account for .50% of total CO2

production. These results suggest that Fe(III) reduction

is a primary form of microbial respiration in these

ecosystems.

Several factors probably account for the large

number of Fe(III)-reducing bacteria found in these

upland soils. The high net primary production in these

ecosystems supplies abundant labile organic C (reduc-

tant); this coupled with available amorphous Fe

(oxidant) and perennially warm and wet conditions

sustain large populations of Fe-cycling bacteria. The

spatial and temporal juxtaposition of oxidation and

reduction processes in these soils (Silver et al. 1999) is

likely to create ideal conditions for mutualistic interac-

tions among Fe(III)-reducing and Fe(II)-oxidizing

bacteria. Fe(II)-oxidizing bacteria can effectively com-

pete with abiotic Fe(II) oxidation for O2 under micro-

aerobic conditions at redox interfaces where O2 is

diffusion-limited (Neubauer et al. 2002, Emerson and

Weiss 2004) and can enhance Fe(III) reduction by

producing forms of Fe(III) favored by Fe(III) reducers

(Sobolev and Roden 2001). Fe(II)-oxidizing bacteria

also scavenge O2 and can create steep gradients in O2

that allow Fe(III) reducers to exist closer to the zone of

Fe(II) oxidation. Stimulation of Fe(III) reduction by

Fe(II)-oxidizing bacteria in turn increases Fe(II) pro-

duction and may result in a positive feedback for Fe(II)-

oxidizing bacteria, as indicated by the positive relation-

ship between Fe(II) production rates and the abundance

of Fe(II)-oxidizing bacteria (Fig. 3). In Luquillo soils,

highly variable O2 concentrations in soil gas probably

create steep gradients in redox at the soil aggregate

(centimeters to millimeters) scale that would allow

aerobic and anaerobic microorganisms to coexist in

close proximity (Sexstone et al. 1985, Tokunaga et al.

2001). In addition, the presence of Fe-oxide root

plaques in gleyed MRF soils indicates that plant

oxygenation of the rhizosphere occurs and probably

accelerates the resupply of Fe(III) for reduction

(Emerson et al. 1999).

The repeated reduction and oxidation of Fe in

tropical soils may fuel considerable organic C mineral-

ization in humid tropical forests. In MWF and MRF

soils, a substantial amount of decomposition must

proceed via anaerobic pathways to account for high

Fe(III) reduction rates and large numbers of Fe(III)-

reducing bacteria (Table 2). Low redox events are

frequent in surface soils of these mid- and upper-

elevation forests (Silver et al. 1999) and were found to be

a strong selective force that structures soil bacterial

communities at these sites (Pett-Ridge and Firestone

2005). Strong correlations between microbial communi-

ty structure, soil redox, and decomposition parameters

have been found in other upland humid forests (Schuur

et al. 2001, Schwartz et al. 2007). A mechanistic

understanding of decomposition and CO2 emissions in

high-rainfall forests must consider anaerobic decompo-

sition pathways that involve fermentation and respira-

tory Fe(III) reduction. In addition, manganese (Mn)

reduction may also contribute to decomposition because

Mn(IV) is a strong anaerobic oxidant, and Mn

reduction may support Fe(III)-reducing bacteria (many

of which reduce Mn) when redox conditions do not

favor Fe(III) reduction (Lovley et al. 2004). In Luquillo

FIG. 5. Rates of anaerobic CO2 production vs. (a) Fe(II)
production and (b) CH4 production in individual soil cores.
Anaerobic CO2 production was significantly related to Fe(II)
production (R2 ¼ 0.67, P , 0.001) and CH4 production (R2 ¼
0.55, P , 0.001).
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soils, Fe oxides are far more abundant than Mn oxides

(Table 1), and substantial Fe(III) reduction begins

almost immediately (within 24 hours) after the onset of

anaerobic conditions, suggesting that Fe is probably a

more important electron sink than Mn for anaerobic C

oxidation.

Microbial Fe(III) reduction was rapidly stimulated by

glucose and quinone additions suggesting that plants

can have a direct influence on Fe(III) reduction

dynamics via above- and belowground litter inputs

and root exudation. Stimulation of Fe(III) reduction by

glucose and quinone compounds constitutes a mecha-

nism by which plants may directly influence rates of

Fe(III) reduction in upland soils, that is by supplying

labile C or soluble electron shuttles to soil microbial

communities. Root exudates contain simple sugars and

organic acids that are favored substrates for Fe(III)

reducers (Lovley et al. 2004), and may fuel the

consumption of more energetically favorable electron

acceptors (O2, NO3
�, Mn) in the rhizosphere to promote

Fe(III)-reducing conditions. Roots may also stimulate

Fe(III) reduction by producing compounds that contain

quinone moeties that serve as electron shuttles between

microbial cells and Fe(III) oxide surfaces (King and

Garey 1999, Nevin and Lovley 2002, Weiss et al. 2004,

Fimmen et al. 2008). If high-rainfall forest plants

stimulate Fe(III) reduction in their rhizospheres, they

may directly manipulate the P and C sorption capacity

of rhizosphere Fe(III) oxides over short periods of time.

Bacterial Fe(III) reduction can release P from Fe(III)

oxides into bioavailable forms (Peretyazhko and Sposito

2005, Chácon et al. 2006, Liptzin and Silver 2009).

Manipulation of microbial Fe redox dynamics may be a

mechanism by which tropical forest plants increase

access to P sorbed or occluded by Fe(III) oxides.

Similarly, stimulation of Fe(III) reduction by plant

activity may release organic compounds that are bound

to Fe(III) minerals and increase their susceptibility to

decomposition and leaching.

Competitive interactions between Fe(III)-reducing

bacteria and methanogenic archaea can suppress CH4

emissions from soils and sediments. Fe(III)-reducing

bacteria can outcompete methanogenic archaea for

acetate and hydrogen, which are important electron

sources for methanogenesis (Lovley and Phillips 1987,

Achtnich et al. 1995, Roden and Wetzel 1996, Frenzel et

al. 1999, Chidthaisong and Conrad 2000). Consequent-

ly, Fe(III) reducers can suppress CH4 emissions from

upland tropical soils (Teh et al. 2008). In addition,

Fe(III)-reducing bacteria have a wide metabolic diver-

sity and many are facultative anaerobes (Lovley et al.

2004), providing another competitive advantage over

strictly anaerobic methanogens in dynamic redox

environments. Our results suggest that under anaerobic

conditions the extent of competitive suppression de-

pends on C availability and hence should vary among

sites. In soils with ,7% organic C, Fe(II) production

was positively correlated with anaerobic CO2 produc-

tion, but CH4 production was not (Fig. 5). Results from

the C addition experiment indicate that competition by

Fe(III)-reducing bacteria is likely to be most intense in

soils with lower organic C contents. Competition for this

limiting resource by Fe(III)-reducing bacteria may

explain why CH4 production was suppressed in lower

C soils at the onset of anaerobic conditions. Where

concentrations of organic C were high, however, both

Fe(II) and CH4 production rates were high (Fig. 5).

Competitive inhibition of methanogens by Fe(III)

reducers relaxes where C is abundant (Lovley and

Phillips 1987).

The dramatic increase in CH4 production in high C

sites may signal a threshold effect, where competitive

inhibition of methanogens by Fe(III)-reducing bacteria

saturates above a certain level of C availability. Where

this occurs, CH4 production increases precipitously.

Competition for oxygen between methanotrophic bac-

teria and Fe(II) oxidation may also constrain CH4 flux

where O2 is limiting and Fe(II) is abundant (van

Bodegom et al. 2001). Recent satellite data suggest that

some tropical regions are a source of atmospheric

methane (Frankenberg et al. 2005), although the

mechanisms responsible are poorly understood. Micro-

bial competition for resources may create biogeochem-

ical thresholds that are critical for modeling CH4

emissions from wet tropical forests and other environ-

ments where Fe(III) reduction is an important process

(van Bodegom et al. 2001, Xu et al. 2007). Soil organic C

pools in humid tropical forests are sensitive to climate

and land use (Silver 1998), and are likely to change in

the coming decades (Scholze et al. 2006). In light of

these potential changes, regional and global models of

greenhouse gas dynamics should consider the degree to

which Fe(III) reduction suppresses CH4 emissions under

different soil conditions.

The activities of Fe-cycling bacterial communities can

impact forest productivity and C cycling in upland

tropical forests. Fe(III)-reducing and Fe(II)-oxidizing

bacteria are highly sensitive to concentrations of soil O2

and C; thus small changes in rainfall and soil C in humid

tropical forests may translate into large changes in Fe

redox cycling with immediate consequences to nutrient

cycling, C storage, and trace gas emissions in these

ecosystems.
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