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Rhizosphere Iron (III) Deposition and Reduction in a
Juncus effusus L.-Dominated Wetland

Johanna V. Weiss,* David Emerson, and J. Patrick Megonigal

ABSTRACT soil and rates of radial oxygen loss. Radial O2 loss is in
turn influenced by plant activity (Bedford et al., 1991;Iron (III) plaque forms on the roots of wetland plants from the
Kuehn and Suberkropp, 1998) and morphological char-reaction of Fe(II) with O2 released by roots. Recent laboratory studies
acteristics such as suberized and lignified roots (Arm-have shown that Fe plaque is more rapidly reduced than non-rhizo-
strong et al., 2000). Under anaerobic conditions, thesphere Fe(III) oxides. The goals of the current study were to determine

in situ rates of: (i) Fe(III) reduction of root plaque and soil Fe(III) amorphous Fe(III) oxides in root plaque serve as an ex-
oxides, (ii) root Fe(III) deposition, and (iii) root and soil organic cellent substrate for FeRB that mediate Fe(III) reduction
matter decomposition. Iron (III) reduction was investigated using a in freshwater environments (Lovley, 2000). Iron(III)
novel buried-bag technique in which roots and soil were buried in reducing bacteria have been successfully enriched from
heat-sealed membrane bags (Versapor 200 membrane, pore size � the rhizosphere (King and Garey, 1999) where they
0.2 �m) in late fall following plant senescence. Bags were retrieved can account for up to 12% of all bacterial cells (Weissat monthly intervals for 1 yr to assess changes in total C and Fe mass,

et al., 2003).Fe mineralogy, Fe(II)/Fe(III) ratio, and the abundances of Fe(II)-
The juxtaposition of oxic and anoxic conditions in theoxidizing bacteria (FeOB) and Fe(III)-reducing bacteria (FeRB). The

rhizosphere, separated either temporally or spatially,soil C and Fe pools did not change significantly throughout the year,
results in a rhizosphere Fe cycle in which Fe plaque isbut root C and total root Fe mass decreased by 40 and 70%, respec-

tively. When total Fe losses were adjusted for changes in the ratio of alternately deposited and then reduced. Previous studies
Fe(II)/Fe(III), over 95% of the Fe(III) in the plaque was reduced have reported a higher Fe(III) reduction potential in
during the 12-mo study, at a peak rate of 0.6 mg Fe(III) g dry weight�1 the rhizosphere Fe(III) pool than the non-rhizosphere
d�1 (gdw�1 d�1). These estimates exceed the crude estimate of Fe(III) soil pool. For example, we recently reported that �75%
accumulation [0.3 mg Fe(III) g dry weight�1 d�1] on bare-root plants of the Fe plaque is reduced in 10 d vs. �40% of the soil
that were transplanted into the wetland for a growing season. We Fe(III) oxide pool (Weiss et al., 2004). Results from an-concluded that root plaque has the potential to be reduced as rapidly

other short-term (7 d) experiment examining rates ofas it is deposited under field conditions.
Fe(III) reduction in salt marshes support the idea of
more rapid Fe(III) reduction in rhizosphere than non-
rhizophere soils (Gribsholt et al., 2003). However, bothIron-oxide deposits known as Fe plaque are com-
of these studies presented relatively short-term ratesmonly observed on the roots of wetland and aquatic
determined in a laboratory environment. To our knowl-plants (Mendelssohn et al., 1995). Iron plaque forms when
edge, the kinetics of Fe(III) reduction have not been pre-O2 leaking from plant roots reacts with Fe(II) produced
viously investigated in situ over periods of time �1 wk.in surrounding anaerobic soils (Armstrong, 1964). As a
Furthermore, although researchers have reported ob-result, the presence of vegetation dramatically alters sub-
servations suggesting rapid rates of Fe(II) oxidation insurface biogeochemistry by concentrating large amounts
the rhizosphere (Roden and Wetzel, 1996), no data setof solid-phase Fe(III) in the rhizosphere (Kostka et al.,
exists for in situ rates of Fe plaque accumulation.2002; Ratering and Schnell, 2000). This Fe(III) pool is

The goals of the current study were to quantify: (i)dominated by amorphous Fe(III) oxides (Taylor et al.,
Fe(III) reduction rates in the rhizosphere and non-rhi-1984; Batty et al., 2000; Weiss et al., 2004), formed either
zosphere soil following fall senescence, (ii) net Fe plaqueby abiotic oxidation or FeOB (Weiss et al., 2003). In
deposition on selected wetland plants during a growinglaboratory studies, FeOB isolated from the wetland rhi-
season, and (iii) decomposition rates of roots and soilzosphere were found to mediate between 18 and 90%
organic matter. Based on our previous findings, we hy-of Fe(II) oxidation (Neubauer et al., 2002; Sobolev and
pothesized that the rhizosphere Fe pool would be moreRoden, 2001), suggesting that they could play an impor-
dynamic than the non-rhizosphere Fe pool, resulting intant role in the formation of Fe plaque.
significant amounts of plaque deposition and reductionThe rhizosphere can vary between oxic and anoxic
over an annual cycle.depending on microbial or chemical O2 demand in the
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definition is that Fe plaque is easily delineated and separated within the rooting zone of the wetland soil; the tops of the
bags were 10 cm below the soil surface and extended to 25 cm.from the bulk soil, providing an objective and reproducible

means of sampling the rhizosphere Fe pool. The non-rhizo- The bags were placed along three 12-m transects in a densely
vegetated portion of the wetland. To confirm the persistencesphere soil in this study was �0.5 cm from the root surface.

All experiments were performed in a Juncus effusus-domi- of anaerobic conditions, sanded steel rods that accumulated
rust under aerobic conditions were buried to 0.3 m in the soilnated marsh located near Contrary Creek in Mineral, VA,

approximately 60 miles southwest of Washington, DC. The at the ends and middle of each transect.
The pore size of the bags (0.2 �m) was small enough to pre-water level in the marsh varied seasonally, but there was con-

tinuous standing water in excess of 0.5 m. For the purposes vent exchange of solid phases Fe minerals but allow equilibra-
tion of pore-water solutes. The bags also prevented exchangeof consistency and adequate comparison, all measurements

were made and reported on a gram dry weight (gdw�1) basis. of microorganisms with the surrounding soil, but we assumed
that this was not an important issue because each bag initially
contained roots, soil organic matter, and the full diversity ofNet Iron Plaque Deposition their associated microbial communities. More problematic was
that we harvested the Juncus roots before they died. ThisTwo methods were used to estimate net rhizosphere Fe dep-
allowed us to begin the experiment with freshly dead, plaque-osition over a growing season. Rhizosphere Fe accumulation
encrusted roots, but it may have introduced more labile Cwas estimated by transplanting bare-root specimens of Juncus
than expected for roots that undergo natural senescence. Ifeffusus (n � 8) and Pontedaria cordata L. (n � 11) into the
so, we may have overestimated in situ Fe(III) reduction rates.marsh on 19 May 1999. The roots of two to three additional

Five buried bags were randomly sampled monthly for 1 yr,specimens of each species were immediately harvested to de-
ending in November 2000. The time zero collection occurredtermine initial Fe plaque concentrations (i.e., [Fe]0). The re-
immediately after the full set of bags was buried. Upon collec-maining transplants were harvested on 29 Oct. 1999 and
tion, the bags were immediately placed in an anaerobic con-washed with deionized water (diH2O) to remove the soil and
tainer, transported to the laboratory where they were kept atdetermine [Fe]5 mo. Despite the possibility that small amounts
4�C, and processed in an anaerobic glove bag within 24 h ofof soil may have adhered to the root after washing (Azcue,
collection. Soil recovered from the bags was placed in 50-mL1996), roots visually appeared to contain insignificant resid-
centrifuge tubes. To minimize O2 exposure, the tubes wereual soil. Total rhizosphere Fe was extracted with a dithionate-
initially flushed with N2 gas, and tightly capped. Roots recov-citrate-bicarbonate solution and measured on an atomic ab-
ered from the same bags were cut into small pieces (�1 cm),sorption spectrometer as described in Weiss et al. (2003). The
then washed and homogenized by continual vortexing in an-roots were then dried at 70�C until no weight change was
aerobic diH2O until the water remained clear. Although it isobserved.
possible that some loosely attached microbes were lost duringIn-growth cores were also employed during the same time
washing, previous microscopy work indicated that the Feperiod to determine root production and associated rhizo-
plaque and imbedded microbial community remained intactsphere Fe accumulation. Eight 30-cm deep soil cores were ex-
after the washing process (Emerson et al., 1999). All washingstracted from a monotypic stand of Juncus effusus with a ser-
were collected in beakers and dried (70�C) to account for soilrated PVC pipe (diam. � 7 cm). The cores were sieved (mesh
attached to the roots. The roots and soil recovered from eachsize � 2 mm) to remove all roots. The resulting root-free soil
bag were weighed wet, then subdivided for the following analy-was placed in its original location, its location marked by two
ses: wet-dry weight conversion factor, FeOB and FeRB abun-flags on the edge of the core separated by 180�, and removed
dance, sequential extraction of the Fe pool, and Fe(II) and5 mo later. Roots that grew into these soil cores over a 5-mo
Fe(III) proportion. The root and soil wet weights were con-period were collected by washing the core through a 2-mm
verted to dry weights using the conversion factor for eachsieve and subsequently divided into two size classes: coarse
particular bag. Mass loss rates were fit to an exponential decayroots (�1-mm diam.) and attached fine roots (�1-mm diam.).
function (Wieder and Lang, 1982). All mass data are reportedMuch of the fine root mass was recovered because they were
on a dry weight basis.attached to the larger course roots. However, unattached fine

roots �2-mm diam. may have been lost from analysis. The
samples were extracted for total Fe and dried as described Microbial Analyses of Buried Bagsabove.

Aerobic, lithotrophic FeOB, and acetate-utilizing FeRB in
the buried bags were enumerated using the most probable num-In Situ Iron Reduction Rates ber (MPN) method described in Weiss et al. (2003). Briefly,
root slurries were made by adding 0.1 g of root to 1 mL ofThe rate of in situ rhizosphere Fe(III) reduction was quanti-

fied with a modified “litter bag” technique. Specimens of na- sterile water and gently ground with a mortar and pestle fol-
lowed by three washes with ddH2O. Soil samples were homog-tive J. effusus and adjacent bulk soil were collected in Novem-

ber 1999 to simulate the plant senescence that occurs in the enized by vortexing and kept under anaerobic conditions until
dilution into MPN tubes. The root slurry and homogenizedfall. Roots were washed in diH2O, and dead roots were dis-

carded. The bulk soil was sieved (mesh size � 2 mm) and soil were diluted in modified Wolfe’s mineral media, then
dilutions ranging from 10�3 to 10�8 were used to inoculatehomogenized in a blender. Because root and soil samples were

processed under aerobic conditions, the initial pools of poorly tubes of both FeOB- and FeRB-media (Weiss et al., 2003).
The presence of FeOB was indicated by the development ofcrystalline Fe(III) oxides may have been larger than those in

situ (see results). a discrete band of Fe oxides at the oxic-anoxic interface in
the gradient-type MPN FeOB tubes (Emerson et al., 1999).Approximately 5 g of roots and 25 g of soil (both wet weight)

were placed into a decomposition bag made from Versapor Most probable number tubes for putative FeRB were visually
assessed for consumption of the Fe(III) oxides and measured200 membrane (nominal pore size � 0.2 �m) that was heat

sealed on all sides. This bag was placed into a protective nylon for Fe(II) by addition and color development of ferrozine
(Stookey, 1970). Abundances of FeOB and FeRB were calcu-mesh bag (pore size � 47 �m) and kept at 4�C until transport

within 48 h to the wetland. Sixty bags were buried vertically lated using MPN tables (Eaton and Franson, 1995).
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extraction using 0.5 M HCl versus anaerobic oxalate. All sig-Geochemical Analyses
nificant differences are reported at the P � 0.05 level.

Changes in the forms of Fe on the roots and in the soil
were monitored by a sequential extraction procedure modified

RESULTSfrom Wieder and Lang (1986) as detailed in Weiss et al. (2004).
The only deviation was that all extraction steps were per- Solution Chemistryformed anaerobically on ≈1 g of fresh weight root or soil.
Because anaerobic oxalate extractions can remove crystalline The pH at the water–soil interface varied between 5.8
Fe in the presence of high amounts of Fe(II) (Phillips et al., and 6.1 and decreased steadily from a high in March to
1993), a sequential extraction series in which 0.5 M HCl was a low in November (Fig. 1A). The pH of the surface flood-
substituted for oxalate was also run in the last 2 mo of the water, although generally higher, showed the same trend.
experiment. Use of 0.5 M HCl has been found to be suitable
for extracting poorly crystalline Fe under both aerobic and
anaerobic conditions (Lovley and Phillips, 1986). Quantities
of total Fe(II) and Fe(III) were determined at each sampling
interval with a dual-chelation technique using 1 mM EDTA
or bathophenanthroline disulfonate (BPDS) to chelate the
Fe(III) and Fe(II), respectively (Wang and Peverly, 1999;
Weiss et al., 2004).

Solution Chemistry

The solution chemistry was monitored at the water surface
and the soil–water interface of the study transects. Because
some parameters were not measured in the initial months of
the experiment, measurements were continued after the final
bag collection to obtain a full year of seasonal data. Floodwater
dissolved oxygen (DO) concentration was measured in situ
with a DO meter (Yellow Springs Instruments 95) and pH with
a Cole Parmer pH/con 10 series meter. Water samples for Fe(II)
analysis were collected at the water surface and water–soil
interface using a syringe followed by filtering (0.2 �m) into an
acid-washed vial. Pore water Fe(II) was estimated by burying
10-mL polypropylene bottles containing anaerobic diH2O to
a depth of 15 cm and capped with a securely fitted membrane
(Versapor 200, pore size � 0.2 �m). These pore water equili-
bration bottles were deployed monthly for 30-d periods. Iron
(II) concentrations in all water samples were determined by
immediate addition to ferrozine, then subsequent measure-
ment at 562 nm on a spectrophotometer within 6 h of collection
(Stookey, 1970).

The vertical distribution of pore water Fe(II) was charac-
terized with pore water equilibrators or “peepers” (Hesslein,
1976). One peeper was buried to a depth of approximately
75 cm from the water surface for consecutive 1-mo intervals
between August and October 2000. On the last sample date,
two peepers were deployed. Because there was �30 cm of
standing water, peepers were buried to a maximum soil depth
of 20 cm, which encompassed most of the rooting zone. The
peepers contained 26 1-cm wide wells overlaid with Versapor
200 membrane (pore size � 0.2 �m). Samples were collected
by piercing the membrane of each well with a pipette tip and
measured for Fe(II) concentrations using a ferrozine assay as
described above.

Statistical Analyses

All statistics were performed in SAS, using the JMP 5.1 for
Windows (SAS Institute, 2002). Pearson correlations were run
between environmental parameters and decomposition rates,
Fe(III) reduction rates, and abundances of FeOB and FeRB.
One-way ANOVA followed by the Tukey-Kramer method of

Fig. 1. Physical and chemical characteristics of a Juncus-dominatedmeans separation was used to evaluate differences between wetland. Each data point in Panels A through C is the average of
roots and soils over the course of the field incubations with six duplicate readings along the transect, two at each end and in
respect to Fe(II) and Fe(III) proportions, Fe mineral fraction the middle. Measurements were taken at the standing water surface
concentrations, FeOB and FeRB abundances, and biomass. (SURFACE), at the water–soil interface (DEPTH), and in the

pore water (where applicable).A paired t test was used to test for differences in the sequential
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Table 1. Net rates of Fe plaque accumulation on the bare-roots
of Juncus effusus and Pontedaria cordata over 5 mo.

Rate of Fe
Plant species [Fe]0† [Fe]5 mo accumulation

mg gdw�1 mg g�1 root mg g�1 root d�1

Juncus effusus 0.34 � 0.06 65.80 � 3.26 0.40 � 0.00
(n � 3) (n � 5)

Pontedaria cordata 0.60 � 0.13 54.39 � 10.24 0.33 � 0.07
(n � 3) (n � 4)

† �1 standard error.

Dissolved ferrous iron concentrations [i.e., Fe(II)aq]
ranged up to 100 mg L�1 (Fig. 1B). Surface water Fe(II)aq

concentrations were generally �2 mg L�1 (Fig. 1A).
Fe(II)aq concentrations increased 1 to 2 orders of magni-
tude at the water–soil interface and peaked at depths
that overlapped with the buried reduction bag. Using Fig. 2. Changes in root and soil biomass during anaerobic decom-
pore water equilibrators buried at three 1-mo periods position. All data points represent the average of five harvested

bags � 1 standard error. The m0 is the initial biomass and the mbetween August-November 2000, [Fe(II)aq] in the surface
is biomass at each time point.waters were confirmed to be very low, generally �0.5 mg

Fe(II) L�1 (data not shown). [Fe(II)aq] increased to 250 mg
Total root production in the in-growth cores fromFe(II)aq L�1 at the soil surface with a maximum con-

May-October was 243 g root m�2 of soil with Fe con-centration of ≈275 mg Fe(II)aq L�1 10 cm below the soil
centrations averaging 21 mg Fe g�1 root (Table 2). Usingsurface, corresponding to the upper rooting zone. We
root production and Fe accumulation to scale Fe deposi-observed much higher pore water [Fe(II)aq] using the
tion to a soil-area basis yielded an estimate of �5 g Fepeeper than the buried pore water exchange bottle
m�2 that was root-associated, to a depth of 30 cm. Fine[200 vs. 60–80 mg Fe(II)aq L�1], likely due to a relatively
roots accounted for a substantial portion of both roothigher exchange surface area to water volume ratio in
production and Fe plaque accumulation, as expectedthe peeper than the bottle.
from use of the in-growth core method. The overallThe lowest Fe(II)aq concentrations were observed in
rate of plaque accumulation, calculated by dividing theMay and June 2000 followed by general increases through
average amount of Fe accumulation by the length ofthe late summer and fall months. [Fe(II)aq]pore water was in-
the incubation period, was 0.13 mg Fe g�1 root d�1.versely related to surface temperature (data not shown,

r � �0.64, n � 12). No relationship was observed be-
Root and Soil Decompositiontween [Fe(II)aq] and [DO] (Fig. 1C), with [DO] at the

water–soil interface consistently �1–2 mg L�1 from We observed no significant loss in soil organic matter
March to October. The buried iron rods had no rust over the 12-mo period in contrast to a 40% decrease in
accumulation at depths below the water–soil interface, the root biomass (Fig. 2). The largest losses in root bio-
indicating that there was no significant flux of O2 during mass were observed in the first 2 mo (Dec–Jan, P �
the experiment at the depth the reduction bags were 0.0001), with small, albeit nonsignificant, decreases in
buried. biomass after this period. The roots decayed at a rate of

0.12% d�1 (r 2 � 0.84) as determined by an exponentialNet Iron Plaque Deposition decay function.
Iron plaque concentrations of transplanted bare-root

specimens of J. effusus and P. cordata plants increased In Situ Fe(III) Reduction Rates
from an initial value of �1 to 66 mg Fe g�1 and 54 mg

Total Fe plaque concentrations, as determined by theFe g�1 at 5 mo, respectively (Table 1). Assuming that
sum of the fractions recovered by sequential extraction,Fe(III) accumulated at a steady rate during the experi-
decreased significantly from an initial value of 78 mgment (see discussion), the average rate of Fe accumu-
Fe g�1 root to 29 mg Fe g�1 at 2 mo (Fig. 3, P � 0.0001).lation was 0.37 mg Fe g root d�1.
With the exception of a brief increase in March, Fe
plaque concentrations remained at 25–30 mg Fe g�1 forTable 2. Root production and Fe plaque accumulation in in-growth

cores during the growing season. the final 7 mo of the experiment and were not statisti-
cally different. Soil Fe concentrations were initially 20 mgSample Root production† Root Fe accumulation
Fe g�1 soil and did not decrease below 14 to 17 mg Fe

g root m�2 mg Fe g dry weight�1 g plaque Fe m�2

g�1. No significant differences were observed in totalsoil root soil‡
soil Fe concentrations throughout the experiment.Coarse 106 � 30§ 30.99 � 3.83 2.84 � 0.88

Fine 136 � 23 16.01 � 1.78 2.25 � 0.37 With the exception of the residual fraction in the soil,
Total 243 � 45 21.02 � 2.48 5.09 � 1.07 the proportions of all the Fe fractions in the total Fe
† Although cores were taken in a nearly monotypic Juncus effusus stands, pool changed significantly during the 12-mo incubation

we cannot rule out the presence of other unidentified plant species. period (Fig. 3, P � 0.0001). The exchangeable fraction,‡ Cores were taken to a depth of 30 cm.
§ �1 standard error. comprised primarily of adsorbed Fe(II) and Fe(III), in-
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Fig. 3. Changes in Fe fractions during anaerobic decomposition. All columns represent the average total Fe of five buried bags collected at each
time interval �1 standard error.

creased from �0.1 to ≈20% in the roots and from 3 to creased from 73% of the total Fe pool to 50% by March
(Month 3) and then to ≈30% by the end of the experi-�20% in the soils. The pyrophosphate (“organically

bound”) fraction increased 10 to 15% in the roots and ment (Fig. 3, P � 0.0001). The oxalate-extractable frac-
tion in the soil also significantly decreased from 66%soil, though this is largely due to overall decreases in the

total Fe with the bulk amount of pyrophosphate gen- initially to 30–40% in the last months of the experiment
(P � 0.0001). No significant differences were found be-erally decreasing in the first 4 mo of the experiment.

Despite some differences in the crystalline fractions dur- tween the anaerobic oxalate and HCl extraction meth-
ods for any of the Fe fractions in the root samplesing the course of the experiment, no consistent trends

were observed with months 0 and 11 being statistically (P � 0.20), indicating that anaerobic oxalate extractions
accurately estimated poorly crystalline Fe under con-the same. A significant increase in the residual fraction

(from 2–10%, P � 0.0001) was observed in the roots. ditions prevailing at the end of the experiment. How-
ever, in the soils there were significant decreases in thePerhaps the most notable change was in the oxalate-

extractable fraction, which approximates the poorly crys- proportion of total Fe extracted with HCl versus oxalate
(P � 0.01), accompanied by an increase in the crystallinetalline (amorphous or non-crystalline) Fe. In the root

plaque, the poorly crystalline fraction significantly de- Fe fraction. These results indicate that the use of oxalate
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Microbial Analyses
Densities of FeOB and FeRB were highly variable

over time, but there were some discernible patterns in
the data. Rhizosphere FeOB density significantly de-
creased from an initial average of 3.5 � 106 FeOB g�1

root to 1.5 � 104 FeOB g�1 root by February and then
to 2.7 � 102 FeOB g�1 root by August (P � 0.05) (Fig. 5).
Iron(II)-oxidizing bacteria densities then appeared to
begin to increase through November. Initial rhizosphere
FeRB abundances (4.5 � 103 FeRB g�1 root) were signif-
icantly lower than FeOB and showed a moderate in-
crease to 3.8 � 104 FeRB g�1 root after 1 mo. Abun-
dances of FeRB generally remained at 103 and 104 for
the duration of the experiment and only dramatically
outnumbered the FeOB during August and September.

Fig. 4. Fe(III) reduction of root and soil Fe pools during anaerobic Similar to the trend observed in the rhizosphere sam-
incubation. The Fe measured at each data point was converted ples, numbers of soil FeOB densities significantly de-
to mg Fe and then multiplied by the percentage of Fe(III) at each creased from the initial levels of 3.8 � 106 FeOB g�1
harvest time to obtain the ratio of Fe(III)t to Fe(III)0. Error bars

soil (P � 0.0001); however, there was considerable vari-represent �1 standard error.
ability in subsequent months with densities vacillating
between 104 and 105 FeOB g�1 soil. As with the roots,may have overestimated the amount of poorly crystal- the lowest densities occurred in the summer months.line Fe in the soils but not on the roots, largely due to Initial soil FeRB density was 6.2 � 104 FeRB g�1 soilthe dominance of poorly crystalline in the plaque and and density generally remained between 103 and 104

crystalline Fe in the soil (Weiss et al., 2004). Because FeRB g�1 soil, with no significant differences.the sum of all Fe fractions was not significantly different
using oxalate or HCl, the issue did not affect our esti-
mates of Fe(III) reduction rates. DISCUSSION

The percentage of Fe(II) in the Fe plaque changed Previous studies have noted the presence and size ofsignificantly during the experiment, increasing from the rhizosphere Fe plaque pool in wetland soils, but18% in the initial samples to 	40% after Month 6 (P � very little is known about the dynamics of this pool. To0.0001, data not shown). However, the percentage of our knowledge, the current study is the first to investi-Fe(II) in the soil did not change and was consistently gate in situ rates of iron deposition and reduction in the20–30% of the total Fe. The total amount of Fe extracted wetland rhizosphere. We observed substantial amountswith 1mM EDTA and BPDS was not significantly differ- of Fe deposition on the roots during the growing season,ent from the total Fe recovered during the sequential presumably driven by the release of O2 into the rootextraction in the roots, but it was significantly lower by zone. Under anaerobic conditions � 70% of the Fe(III)≈25% in the soils. The trends in EDTA/BPDS-total Fe in the plaque was reduced in the first month comparedagreed well with the two other methods for quantifying with �30% reduction of the soil Fe(III) pool. Thesetotal Fe; all methods showed that total Fe plaque de- results verify that previously reported differences in mi-creased dramatically in the first 6 mo compared with crobial Fe(III) reduction potential between rhizospheremuch smaller losses in the soil Fe pool. and non-rhizosphere Fe(III) pools observed in labora-By multiplying the total amount of Fe in the root tory studies (Weiss et al., 2004; Gribsholt et al., 2003)plaque and non-rhizosphere soil by the proportion of are realized in situ.Fe(III) at each time point, the net reduction of the Fe(III)
pool through the 12-mo study was calculated (Fig. 4):

Net Iron Accumulation in the Rhizosphere
Fe(III)t � Fe(total)t � % Fe(III)t Rhizosphere Fe(II) oxidation is potentially rapid at

circumneutral pH (Emerson and Weiss, 2004). A process-where Fe(total) was determined with a DCB extraction,
and %Fe(III) was determined with the dual chelation level understanding of the role of rhizosphere plaque

as a sink for Fe and coprecipitated elements requirestechnique (see methods). Root plaque Fe(III) decreased
71% after 1 mo 83% after 2 mo, and 95% at the end of estimates of net Fe(III) accumulation rates. We esti-

mated net total Fe accumulation rates of 0.13 and 0.37the 12-mo study. The soil Fe(III) pool decreased to 69%
during Month 1 but changed little afterward. The peak Fe g�1 root d�1 in the root production and bare-root

transplant studies, respectively. When adjusted for therate of Fe(III) reduction of the plaque (i.e., during
Month 1) was 0.6 mg Fe(III) g�1 root d�1 compared with average proportion of Fe(III) to total Fe in plaque

(79%), the rate of Fe(III) accumulation for J. effusus
0.1 mg Fe(III) g�1 soil d�1. The rates of Fe(III) reduc-
tion of the plaque and bulk soil Fe pool did not fit an was 0.3 mg Fe(III) g�1 root d�1. This value is a minimum

estimate of Fe(III) plaque deposition rates due to theexponential decay model because of very rapid Fe(III)
reduction during Month 1, followed by much slower possibility that plaque deposition was initially rapid then

slower over time (as opposed to the constant rate ofrates during the remainder of the study.
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Fig. 5. Changes in Fe bacteria during anaerobic decomposition. All columns represent the average number of FeOB or FeRB of five bags
collected at each harvest �1 standard error.

deposition assumed in the calculations) as well as the po- tential rates found in laboratory incubation studies. For
tential for simultaneous Fe(III) reduction in the trans- example, a reduction rate of 3.4 mg Fe(III) g�1 root
plant and in-growth cores. Although we observed no d�1 was reported in anaerobic laboratory incubations
significant difference in plaque accumulation rates be- of unamended Typha latifolia roots (Weiss et al., 2004),
tween J. effusus and P. cordata, differences in radial and a rate of 8 to 30 mg Fe(III) g�1 root d�1 was reported
oxygen loss between plant species are likely to influence for several freshwater macrophytes amended with exog-
plaque accumulation and reduction (see below). The enous Fe(III) (King and Garey, 1999). Judging from the
fact that Fe(III) plaque accumulates in the rhizosphere shape of the decomposition curve, it is likely that peak
of many wetland plant species (Weiss et al., 2003) is rate of Fe(III) reduction in the present study was higher
evidence that oxidation rates can outpace reduction than the rate estimated by waiting 1 mo to retrieve the
rates (Begg et al., 1994). first bags. The initial burst of Fe(III) reduction may have

occurred in a few hours, days, or weeks, despite low soil
Rhizosphere Fe(III) Reduction Rates temperatures when the bags were deployed (�10�C).

Low temperature may explain slower Fe(III) reductionThe peak Fe(III) reduction rate in the in situ experi-
ments, 0.6 mg Fe(III) g�1 root d�1, was slower than po- rates observed in the present study than in laboratory
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incubations (30�C). Future in situ studies should quan- derived labile C pool in the latter months of the experi-
tify initial Fe(III) reduction rates over intervals shorter ment may have contributed to the persistence of poorly
than 30 d. crystalline Fe in the root samples (about 10% of the

The higher reduction rates of the root plaque versus initial HCl-extractable pool).
the soil Fe pool were likely due to some combination of
enhanced availability of poorly crystalline, high surface Rhizosphere FeRB and FeOB Abundance
area Fe(III) minerals, and labile organic C (Roden and

Iron(II)-oxidizing bacteria and FeRB were previouslyWetzel, 2002). Studies employing a wide range of tech-
shown to be abundant on the root surface of Typha spp.niques have reported that root plaque is dominated by
and associated no-rhizosphere soil (Weiss et al., 2003).amorphous Fe minerals, primarily ferrihydrite (Taylor
Iron(II)-oxidizing bacteria and FeRB abundances wereet al., 1984; Batty et al., 2000; Hansel et al., 2001; Weiss
monitored in the buried-bag portion of the present studyet al., 2004). In contrast to the strongly crystalline Fe oxides
to assess whether the onset of anaerobic conditions andthat dominate bulk soils, amorphous Fe(III) oxides are
Fe(III) reduction coincided with changes in microbialsubject to rapid and nearly complete dissolution (Tham-
community composition. Despite an overall decrease indrup, 2000; Lovley, 2000). In a companion laboratory
FeOB abundances from 106 g�1 to 103 to 105 g�1 duringstudy using incubations, we reported the dissolution of

�75% of the rhizosphere Fe(III) pool compared with the incubation period, there was no consistent trend in
�40% of the non-rhizosphere soil Fe(III) pool over FeOB abundance after the first 3 mo of the study. This
10 d, primarily due to dissolution of poorly crystalline may be due to the fact that the MPN technique provides
Fe minerals (Weiss et al., 2004). only a rough estimate of the number of organisms pres-

Because the field results shown here closely mirror ent and does not indicate their level of in situ activity.
our laboratory results (Weiss et al., 2004), we suspect Although bulk redox information (obtained with the
that the difference in in situ Fe(III) reduction rates buried iron rods) indicate the bags remained anaerobic
between root and soil Fe pools was also largely con- during the study, it is possible that the bags were ex-
trolled by differences in iron mineral composition. The posed to short periods of oxygen through radial oxygen
soil and root Fe pools decreased by nearly 30 and 70%, loss by nearby intact Juncus plants during the course of
respectively, primarily in the first month of the study. the experiment. However, it is likely that the remaining
This conclusion seems to conflict with the initial amounts FeOB were able to tolerate anoxic conditions. The abil-
of poorly crystalline Fe, which were similar in the soil ity to survive without O2 has been observed for FeOB
and the roots (about 70% in both cases). We suspect in a mining environment (Wielinga et al., 1999) and for
the amount of poorly crystalline Fe in the soil pool other groups of aerobes including methane-oxidizing
was overestimated by the anaerobic oxalate procedure bacteria (Gilbert and Frenzel, 1998) and ammonia-oxi-
because it also extracted a portion of the strongly crys- dizers (Bodelier et al., 1996). This adaptation may be a
talline Fe pool (see the results section). This effect critical component of a rhizosphere Fe cycle, allowing
would not have occurred in extractions of the root Fe FeOB to recover quickly when O2 becomes available
pool. This interpretation is also consistent with the re- for consumption. Under these conditions, FeOB could
sults of a survey of several wetlands soils in which the accelerate the deposition of Fe in the rhizosphere (Neu-
average poorly crystalline Fe content was 23% (Weiss bauer et al., 2002), particularly when they occur at highet al., 2004). If initial content of poorly crystalline soil densities (Weiss et al., 2003). In laboratory experiments,Fe was indeed 68%, then the reduction of just 30% of

FeOB have been found to accelerate Fe(II) oxidationthe pool in 1 yr suggests the process was limited by a
by about 20 to 90% (Neubauer et al., 2002; Sobolev andfactor other than poorly crystalline Fe(III) availability.
Roden, 2001).The availability of labile C compounds is another key

The FeRB abundance of 103 to 104 cells g�1 were simi-controller of in situ Fe(III) reduction rates (Roden and
lar to those reported by Weiss et al. (2003) and SobolevWetzel, 2002; Thamdrup, 2000). The rapid decomposi-
and Roden (2002). It is possible that initial FeRB abun-tion of roots under anaerobic conditions in the initial
dance was affected by the aerobic processing of the sam-months of the experiment indicated that a large pool
ples. However, contrary to what we anticipated, a largeof labile carbon was leached or consumed by indigenous
increase in FeRB abundance was not observed duringmicroorganisms, leaving behind a more refractory C
the experiment. Perhaps monthly samples were too in-pool. These two distinct phases of organic matter decom-
frequent to detect changes in root-associated FeRB,position are well known (Wieder and Lang, 1982) and
particularly those during the days following the start ofhave been observed in previous studies of wetland root
the experiment when populations should have been thedecomposition (Day et al., 1989; Tupacz and Day, 1990).
largest. Because the rhizosphere Fe(III) supply had al-The heterogeneity in carbon degradability is mirrored
ready fallen by 70% after 1 mo when the first sampleby the Fe(III) oxide pool, with an initial phase of rapid
was taken, FeRB population growth may have alreadydissolution of amorphous or ‘labile’ Fe(III) oxides fol-
become limited by poorly crystalline Fe. However, con-lowed by a slower reduction phase of more recalcitrant
centrations of poorly crystalline Fe stabilized at 8 tocompounds. The simultaneous introduction of both la-
10 mg Fe g�1 at the end of the experiment, indicatingbile organic carbon and Fe(III) oxides on root death
that organic carbon may also be limiting Fe(III) reduc-undoubtedly contributed to higher Fe(III) reduction rate

on the roots than the soil. The exhaustion of the root- tion rates. Finally, it is possible that FeRB activity rather
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