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A B S T R A C T

Paddy soil indigenous N supply is often poorly related to N status and our aim was to assess its linkage to
reduction of Fe3+ and Mn4+, primary terminal electron acceptors in submerged soils. Transplanted rice was
grown in the greenhouse in four Bangladeshi paddy soils with distinct SOC to Feox ratio (1.6 to 4.9) for 72 days
firstly under continuous and then intermittent flooding. Solution buildup rates of Fe2+ and Mn2+ in the first
2–3weeks of flooding correlated negatively with soil organic carbon (SOC) to NH4-oxalate extractable Fe (Feox)
and Mn (Mnox) ratios (p < 0.01). Mössbauer analysis detected ferrihydrite and goethite in all soils and with
Mn3O4 these are the likely source minerals. An electron (e−) balance calculated from soil C-emission rates
suggested reductive Fe and Mn dissolution to relevant e−-accepting processes, probably responsible for
no> 50% of e− capture, though. Reduction of abundantly present octahedral Fe3+ in chlorites and vermiculite
and their interstratified forms in these floodplain silty Inceptisols is hypothesized to also support microbial
activity. Notwithstanding, a close temporal synergy existed between solution Fe and soil mineral N and their
build-up rates were correlated (r: 0.77 to 0.90; p < 0.01) and with that of dissolved OC (DOC) (r: 0.84 to 0.96;
p < 0.01), C emission rate (r: 0.99; p < 0.01) and SOC:Feox (r: −0.71; p < 0.01). These correlations suggest
Fe3+ reduction to be a relevant intermediary step in soil N mineralization, possibly through release of associated
DOC, N or both. After switching to intermittent flooding dissolution of Fe, Mn and DOC were decoupled from
mineral N release but since Eh remained in the Fe3+-reduction range in three out of four soils, possibly clay-Fe3+

alternated with O2 as e−-acceptor. Most importantly, in all soils N release slowed or halted after only 2 weeks of
flooding but recommenced with intermittent flooding. As a next step, field experiments could verify if in-
digenous soil N supply also benefits from non-continuous irrigation management. Lastly, experimental proof is
pending for release of clay-bound N and interlayer NH4

+ following reduction of octahedral Fe3+ with con-
sequent increased negative charge or structural destabilization, possibly an important process in floodplain
paddy soils in Bangladesh.

1. Introduction

Irrigated rice systems account for half of the total rice area and
contribute 75% of the world's annual rice production (IRRI, 2011) since
most rice varieties exhibit maximum yield potential under sufficient
water supply. Nitrogen remains the most yield limiting and difficult
nutrient to manage due to its complex biogeochemical cycle, poor
fertilizer use efficiency (usually just 30%) and rapid losses via different

processes (Said-Pullicino et al., 2014). The availability of N for plant
uptake depends on the balance between soil organic matter (SOM)
mineralization, microbial immobilization, fertilizer-N application,
NH4

+
fixation or release, and N losses via nitrification-denitrification

and NH3 volatilization. A number of studies reveal that N uptake by rice
plants, 15 to 22 kg N t−1 rice (Dobermann and Cassman, 1996), origi-
nates mainly from soil organic N mineralization and not directly from
fertilizer, even in sufficiently N-fertilized fields (Ando et al., 1992;
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Manguiat et al., 1994; Khaokaew et al., 2007). Previous studies, how-
ever, have shown very inconsistent dependencies of N mineralization
rate on general soil properties and management (Narteh and Sahrawat,
1997; Adhikari et al., 1999; Sahrawat, 2006; Kader, 2012; Kader et al.,
2013). Improved estimates of indigenous soil N supply would allow for
adapted N fertilizer application, thereby optimizing N use efficiency as
well as minimizing adverse environmental impacts of excessive N
(Mikha et al., 2006; Sharifi et al., 2007). In well-controlled lab in-
cubations to asses N release, SOM decomposition evidently mainly
depends on quality and quantity of SOM, but also very much on
availability of oxidants (Cassman et al., 1996; White and Reddy, 2001;
Li et al., 2010; Gao et al., 2014). Thus empirical predictions of NH4

+

production may be improved if co-based on contents of key oxidants,
confirmed to drive anaerobic soil mineral N release. Usually Fe3+ re-
duction is seen to dominantly accept electrons released from organic
matter, amounting up to 24% according to Jäckel and Schnell (2000),
66–84% according to Inubushi et al. (1984) and 58–79% according to
Yao et al. (1999). Indeed, regression analysis indicated that inclusion of
extractable Fe improved the prediction of mineralized N (Narteh and
Sahrawat, 1997). For a set of 25 paddy soils in Bangladesh we pre-
viously found that anaerobic N mineralization correlated only with pH
and pedogenic-Fe content and not with a myriad of other soil properties
including soil C and N content (Kader et al., 2013). In our follow-up
research (Akter et al., 2016) we instead found no correlations between
anaerobic soil NH4

+ release and pedogenic Fe or Mn contents. How-
ever, soil exchangeable NH4

+ and dissolved Fe demonstrated a re-
markable co-evolution over time and were positively correlated. But
causality would need to be elucidated and confirmed in a more realistic
soil environment than in small scale bare soil lab incubations as used by
Akter et al. (2016) and Kader et al. (2013). Firstly, rice root-derived O2

input causes local rising of Eh, lowering of pH and re-oxidation and
precipitation of Fe2+ and Mn2+. Secondly, without plant N-uptake
paddy soil NH4

+-N contents likely become inhibitive to further N-mi-
neralization in bare soil setups. Thirdly, in a field setting, flooding is
often not entirely continuous and frequent shorter periods of topsoil
drying occur, deliberately or due to lack of irrigation water. Resulting
variations of reduction or oxidation processes would strongly change
the soil solution chemistry, especially reductive dissolution of Mn and
Fe (hydr-)oxides, OM degradation and N mineralization. Experiments
with non-continuously flooded growing rice plants allow further as-
sessing linkages between soil N supply and other soil processes under
more realistic conditions.

A first objective was to upscale our previous lab-incubations to rice
pot-growth experiments and to complement measurements of soil mi-
neral N release with ancillary information on the evolution of soil redox
potential (Eh) and Fe and Mn reduction. Microbial activity, Fe- and Mn
reduction are depth-dependent (Zschornack et al., 2011) in paddy soil
and accordingly two depth increments were sampled to assess any
vertical gradients.

We did not attempt to assess radial variation surrounding rice roots.
A second objective was to investigate how a transition from continuous
to alternate wetting and drying affects Fe3+ and Mn4+/3+ reduction in
relation to soil net N supply. To address these objectives, we studied
plant N uptake, the progressive dissolution of Fe and Mn as well as
change in mineral N content in four young floodplain paddy soils of
North-Bangladesh with wide variations in SOC to oxalate extractable Fe
ratio (Feox). The SOC:Feox ratio can determine net soil N supply in
various ways. At lower SOC:Feox ratio there is more OM adsorption onto
the surface of Fe(hydr-)oxides, resulting in its stabilization against
microbial decomposition (Hanke et al., 2014), and possibly also de-
clined availability of the Fe(hydr-)oxides for reduction. Both mechan-
isms should result in a positive relation between SOC:Feox and soil N
supply. On the opposite, it could be argued that at lower SOC:Feox ratio,
more dissolved OM is co-released per equivalent Fe2+ produced into
the soil solution, but this has not been confirmed yet. Likewise, a re-
latively lower content of reducible Fe3+ (approximated by Feox) might

limit microbially mediated OM decomposition and net soil N miner-
alization (Sahrawat, 2004). But in previous lab incubations (Akter
et al., 2016) we could not reveal an effect of soil Fe3+ or Mn4+

amendment on net mineral N release. In sum, we thus expected a po-
sitive relation between SOC:Feox and net soil N release.

We also monitored soil temperature, moisture, pH, Eh, DOC, CO2

and CH4 emission to obtain detailed insight into the evolution of soil
reductive processes. During the first weeks after onset of flooding, often
with a major part of soil mineral N release, we estimated the potential
share of donated electrons accepted by various soil oxidants. We used
Mössbauer spectroscopy to identify potential source minerals of re-
ducible Fe.

2. Materials and methods

2.1. Soils

Four typical young floodplain paddy soils were collected from
farmers' fields in May 2014 in Northern Bangladesh (24°37′ N to 24°49′
N, 90°02′ to 90°25′ E). Soil Types (Soil Taxonomy) of the studied soils
were Aeric Haplaquepts (Sonatala-1), Aeric Fluvaquents (Melandoho),
Mollic Haplaquepts (Balina) and Ultic Ustochrepts (Noaddah-2)
(Table 1). The subtropical monsoon climate is characterized by an an-
nual mean temperature and rainfall of 25.8 °C and 2427mm, respec-
tively (BMD, 2015). Agricultural production is dominated by single or
double rice cropping with rain-fed and supplemental irrigated pro-
duction in the Aman season (Jul–Nov) and irrigated production in the
dryer Boro season (Jan–Apr). Puddle layer (0–15 cm) soil was collected
from 15 spots per field by spade. The field-moist soils were broken, air
dried, ground and sieved through a 2mm mesh sieve prior to shipment
to the University of Ghent, Belgium. Previously determined general soil
properties are shown in Table 1. In addition, plant-available nutrients
in air dried soils were determined by NH4-lactate (Ca, K, Na, Mg and P)

Table 1
Physical and chemical properties of four Bangladeshi floodplain paddy soils
used in the greenhouse rice growth pot experiment.

Properties Sonatala-1 Melandoho Balina Noaddah-2

Latitude (N)a 24°43′14.5″ 24°48′42″ 24°49′28″ 24°37′19.2″
Longitude (E)a 90°25′52.3″ 90°24′49″ 90°21′09″ 90°02′17″
Cropping patterna Rice-fallow-

rice
Rice-fallow-
rice

Rice-fallow-
fallow

Rice-fallow-
rice

Soil typea Aeric
Haplaquepts

Aeric
Fluvaquents

Mollic
Haplaquepts

Ultic
Ustochrepts

Soil texturea Silt loam Silt loam Silty clay
loam

Silt loam

SOC (g kg−1) 23.6 5.5 16.5 11.5
Total N (g kg−1) 2.1 0.8 1.9 1.3
pH-KCl 5.5 4.2 4.0 4.2
Feox (g kg−1) 4.8 3.5 8.4 4.5
Mnox (g kg−1) 0.20 0.05 0.22 0.25
SO4

2−(mg kg−1)a 19.3 17.5 58.2 12.6
CEC (cmolc kg−1)a,b 44 25 43 35
NH4

+-N (mg kg−1) 7 16 13 6
NO3

−-N (mg kg−1) 4 8 12 2
Ca-lac (mg kg−1) 1814 460 1652 401
K-lac (mg kg−1) 24 32 61 22
Mg-lac (mg kg−1) 554 95 339 42
Na-lac (mg kg−1) 143 26 52 18
P-lac (mg kg−1) 24 56 5 127
Cu-DTPA (mg kg−1) 1.8 1.0 2.4 0.4
Fe-DTPA (mg kg−1) 141 174 165 240
Mn-DTPA (mg kg−1) 97 21 128 92
Zn-DTPA (mg kg−1) 0.1 0.1 0.2 0.5
Si-DTPA (mg kg−1) 43 21 40 35
Mo-DTPA (mg kg−1) 0.1 0.1 0.1 0.1
SOC:Feox 4.9 1.6 2.0 2.6

a Data taken from Kader et al. (2013).
b CEC: cation exchange capacity.
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and DTPA (Diethylene triamine pentaacetic acid) (Cu, Fe, Mn, Zn, Si
and Mo) extraction (Lindsay and Norvell, 1969) (Table 1). The pH-KCl
of initial soils were measured by glass electrode in a 1:2.5 soil:KCl
suspension. Before incubation, soil mineral N (NH4

+-N and NO3
−-N)

contents were determined in 1:5 soil:1 M KCl extracts by means of a
continuous flow auto analyzer (Skalar, The Netherlands).

The soils were specifically selected out of a larger set used by Kader
et al. (2013) based on their differing soil organic C (SOC) to oxalate
extractable Fe (Feox) ratio (Table 1). The motivation was that while
capacity to donate electrons and hence cause reduction of various
species in soil is mainly a function of availability of a degradable C-
substrate, the capacity to receive electrons depends on the availability
of reducible Fe3+ and Mn4+/3+. The ratio of SOC to pedogenic Fe or
Mn may thus indicate proneness to lowering of Eh under submerged
conditions. Four selected soils varied in ammonium oxalate extractable
Fe and Mn (Feox and Mnox), while texture and pH-KCl were relatively
similar. SOC and soil N contents ranged widely from 5.5 to 23.6 g kg−1

and 0.8 to 2.1 g kg−1, respectively (Table 1). Following previously re-
ported X-ray diffraction analyses, all four included soils contain mica,
kaolinite, vermiculite, and, except for the Noaddah-2-sample, also
chlorite. In the Sonatala-1 and Melandaho samples some crystalline
goethite was also detected (Kader et al., 2013).

2.2. Greenhouse pot experiment

A rice pot experiment was set up covering 4 soils× 3 replicates in
the UGhent FBE-greenhouses from December 2014 to February 2015.
The intent was to investigate the relation between release of mineral N
and soil reductive processes. The soils were filled into PVC pots (25 cm
H.×18.5 cm Ø) forming cores of 20 cm height (Appendix Fig.
A.1.1(a)). The amount of dry soil per pot was 5.7 kg for Sonatala-1,
6.8 kg for Melandoho and Balina, and 7.8 kg for Noaddah-2, matching
their bulk density in the field (1.05Mgm−3 for Sonatala-1,
1.26Mgm−3 for Melandoho and Balina, and 1.45Mgm−3 for
Noaddah-2). In each pot, Ca3(PO4)2·H2O powder and KCl grains,
equalling doses of 27 kg P ha−1 and 98 kg K ha−1, were applied and
mixed thoroughly during soil preparation. Per pot 4–5 twenty five days
old seedlings of BINA Dhan7 (Oryza sativa L., maturity 120 days) were
transplanted in a single hill per pot. Twelve pots were monitored for
soil moisture content, soil pH, redox potential (Eh), temperature, soil
solution chemistry and CO2 and CH4 emission (Appendix Fig. A.1.1(b)
and (c)). Twenty four additional pots were used to follow plant N-up-
take and evolution of net mineral N content in soil (see Section 2.5). A
specific irrigation scheme was laid out to simulate field conditions with
initial continuous flooding, followed by alternate wetting and drying
from heading until maturity, generally caused by progressively hotter
and drier conditions along the Boro season and shortage of irrigation
water. All pots were continuously flooded (CF) until 33 days after
transplantation (DAT) with a 4–5 cm ponding water level by regular
addition of deionized water, that was degassed right before addition by
purging with N2 for 1 h. From 34 to 72 DAT an alternate wetting and
drying regime (AWD) was adopted by water application only every
3–4 days. The temperature in the greenhouse was maintained at 28 °C.

2.3. Soil moisture, temperature, redox potential and pH

In a single pot per soil, volumetric water content (Ɵv) at 0–4 and
4–14 cm and temperature at 4–14 cm depth were measured hourly with
Decagon 5EC-5 and 5TM probes and data loggers. To monitor soil redox
potential (Eh), in-house fabricated platinum (Pt) electrodes (Pt wire
joined at the tip of insulated Cu wire with steel epoxy resin (Devcon
Co., Netherlands)) were installed permanently at 4 and 14 cm depth in
eight pots, i.e. 2 depths× 2 replicates× 4 soils. Per pot a reference Ag-
AgCl-electrode was permanently installed and all probes were con-
nected to a HYPNOS III data logger (MVH Consult, The Netherlands) to
measure Eh at 15minute interval until 72 DAT. Corrections were

applied for the offset relative to a standard H2-electrode. Soil pH was
measured regularly by directly inserting a glass pH-electrode in the wet
or saturated soil 2–3 cm deep.

2.4. Analysis of soil solution chemistry to monitor reductive Fe- and Mn-
dissolution and release of dissolved organic matter

In each of the twelve fixed pots two micro-rhizon soil moisture
samplers ((RSMS), pore size: 0.12–0.18 μm, 5 cm long 2.5mm Ø porous
part) (Rhizosphere Research Products, The Netherlands) were placed
horizontally at 4 and 14 cm depth to regularly collect soil pore solution
(Appendix Fig. A.1.1(b)). At pH close to neutrality, any dissolved Fe
and Mn is primarily Fe2+ and Mn2+ and by the evolution of their soil
solution concentrations we inferred occurrence and rate of reductive
dissolution of Fe3+ and Mn4+/3+ in soil. Soil solution samples were
extracted into 16.2 mg K3EDTA-coated 9ml plastic vacuum vials
(Vacutest Kima srl: Arzergrande (PD), Italy) by piercing the vial's
septum with the RSMS's needle. The K3EDTA coating prevented re-
precipitation of collected Fe and Mn from the sampled soil solution.

Log-normal models fitted well (R2: 0.75–0.94) to the temporal
(0–72 DAT) evolutions of Fe and Mn concentration (Fe(t) and Mn(t)):

=
⎜ ⎟− ⎛

⎝
− ⎛

⎝
⎞
⎠

⎞

⎠Fe t Fe e( ) ·max
c t

t1 lnFe max Fe;

2

=
⎜ ⎟− ⎛

⎝
− ⎛

⎝
⎞
⎠

⎞

⎠Mn t Mn e( ) ·max
c t

t1 lnMn max Mn;

2

with Femax and Mnmax representing maximum soil solution concentra-
tions (in mg L−1), and tmax;Fe and tmax;Mn the elapsed time in DAT to
reach these maxima in dissolved Fe and Mn. The parameters cFe and cMn

describe the shape of the log-normal curve.
Simultaneously, dissolved organic carbon (DOC) was quantified by

collecting another set of soil solution samples into uncoated 9ml va-
cuum vials (Vacutest Kima srl:Arzergrande (PD), Italy). Solutions were
analyzed for their Fe and Mn contents by ICP-OES with a radial plasma
iCAP 6300 series spectrometer (Thermo Scientific, US). DOC levels
were determined with a Shimadzu TOC-VCPN-analyzer (Shimadzu
Corporation, Kyoto, Japan) with separate measurement of total C and
inorganic C after acidification with 2M HCl.

2.5. Soil and plant sampling to determine soil mineral N release

Soil samples were collected by inserting a hollow PVC tube (1.5 cm
inner diameter× 16 cm length) at 0–4 cm and subsequently in the same
hole at 4–14 cm depth on 0, 7, 15, 21, 31, 46 and 58 DAT.
Exchangeable-NH4

+ was extracted from the collected 15 g homo-
genized moist soil samples (equivalent to about 10 g dry soil) by 1M
KCl at a 1:5 soil to extract ratio. The slurries were shaken for 2 h and
filtered through 150mm diameter filter paper (MN 616 1/4). Derived
extracts were analyzed for their NH4

+-N and NO3
−-N levels with a

continuous-flow auto-analyzer (Skalar, The Netherlands). We calcu-
lated the amounts of N separately for the 0–4 cm and 4–14 cm layers by
multiplying with soil mass and summed both to yield mg N pot−1.

Rice plants were sampled destructively from the 24 dedicated pots
on three occasions (31, 46 and 67 DAT), i.e. 2 replicates× 4 soils per
sampling event. All above-ground plant parts were separated by cutting
the rice plants at soil surface. The remaining roots were collected by
gently removing the surrounding saturated soil and washing over a
2000 μm mesh size sieve. Plant samples were oven-dried at 70 °C for
72 h and weighted. The dried materials were ground and analyzed for
their C and N content with a Variomax CNS analyzer (Elementar
Analysen Systeme, Germany). A zero-order model was fitted to the total
amount of N taken up by the plant per pot (with R2 > 0.93) to cal-
culate plant N uptake on the exact same dates of soil sampling. The
measured soil mineral N content in this study represents the balance
between soil mineral N inputs, viz. soil organic N mineralization and
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clay interlayer defixation, and outputs, viz. plant N-uptake, microbial
immobilization, clay interlayer fixation and nitrification-denitrification
(Dong et al., 2012; Hoque et al., 2002; Said-Pullicino et al., 2014). With
no hydraulic N-transport, no fertilizer N applied, and a soil pH too low
for substantial NH3-volatilization, we assumed that the measured ac-
cumulations of soil exchangeable mineral N and plant N combined
equalled net soil N supply. We assume that during the CF period de-
fixation of NH4

+ is minor because at low Eh the net negative charge of
clays instead attracts NH4

+ and gradual accumulation of exchangeable
NH4

+, given still limited plant N uptake, limits diffusion out of inter-
layers. Absence of clay defixation during 4 weeks of CF was furthermore
evidenced before for the Sonatala-1 and Melandoho soils by Akter et al.
(2016). During CF, soil N supply thus mainly represents net SOM mi-
neralization, and partly net clay-interlayer NH4

+ exchange. The
summed soil mineral N (0–14 cm) and plant N uptake per sampling time
(in mg N pot−1) was divided by the corresponding soil mass to obtain
net soil N supply in mg kg−1. A first-order kinetic model was then fitted
to the evolution of summed soil plus plant N with time during 0 to
31 DAT: Nt=Na(1− e−k1t), where t is the time (in days), Nt is the
amount of mineral N released at time t (mg N kg−1), Na the amount of
potentially mineralizable N, and k1 is the first-order mineralization rate.
A zero-order kinetic model was fitted to the evolution of net mineral N
(soil and plant N) during the 31 to 58 DAT AWD period: Nt=N0+ k0 t,
with N0 the initial mineral N content, and k0 is the linear N-release rate.

2.6. Assessment of C mineralization via headspace CO2 and CH4 analysis

Soil CO2 and CH4 emissions were monitored incrementally by
means of a closed-chamber method (Appendix Fig. A.1.1(c)). Acrylic
Plexiglas chambers (34 cm×34 cm×70 cm) were outfitted with a
septum and a battery-operated fan. To collect gas samples, chambers
were placed over the pots and the bottom was sealed by standing water
on the supporting greenhouse bench. Then gas samples were drawn at
0, 15 and 30min by connecting 10ml pre-evacuated screw neck vials
(VWR: 548-0247) via double-sided needles. Air temperature inside the
chambers was recorded. The CH4 and CO2 concentrations of collected
gas samples were analyzed by two Trace Ultra Gas Chromatographs
(Thermo Electron Corporation, US), equipped with packed columns and
a flame ionization detector and thermal conductivity detector and auto-
sampler. Gas concentrations were converted to mass based levels by the
ideal gas law and linear models were fitted to the accumulation of CO2

and CH4 with time. Derived linear C-flux rates were recalculated to
mg C kg−1 soil h−1.

2.7. Mössbauer spectroscopy of soil

Identification of the iron phases and their relative contents in four
representative soils were determined using 57Fe Mössbauer spectro-
scopy at UGent's Dept. of physics and astronomy. The Mössbauer
spectra (MS) were collected in transmission geometry using 57Co(Rh)
sources with active diameter of 5mm and initial activity of ~75mCi

Fig. 1. Changes in soil pH and redox potential (Eh) in four Bangladeshi floodplain paddy soils (vertical bars indicate the standard errors around means, n=3 for pH;
no bars for Eh with n= 2).
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(2.78 GBq), provided by Gamma-Lab Development S.L. The time-mode
spectrometer was composed of Wissel GmbH drive, detection and data-
acquisition (CMCA-550) modules, and operated in the constant accel-
eration mode with a triangular reference signal. Details on the spec-
trometer's performance are given in Appendix A.2.

Typically, the low T (ca. 18 K) spectra were fitted with a super-
position of two symmetric quadrupole doublets and two model-in-
dependent hyperfine-field distributions using in-house developed soft-
ware based on the IMSL FORTRAN library optimizer routine ZXSSQ. All
calculated subcomponents were composed of Lorentzian-shaped ab-
sorption lines. As commonly accepted, the relative content of the dif-
ferent Fe phases present in the soils may be to good approximation
considered as being proportional to the fractional areas, RA, of the
corresponding spectral components.

3. Results

3.1. Soil temperature and moisture content

During the entire follow-up period the average soil temperature
remained close to 27 °C, with clear diurnal fluctuations and similar
patterns of evolution among the four soils (Appendix Fig. A.1.2).
Volumetric moisture content (Ɵv) (m3m−3) varied considerably during
intermittent flooding (34 to 72 DAT), following continuous saturation
during the preceding CF period. Drainage caused fast soil drying within
1–3 days to Ɵv as low as 0.2–0.3 m3m−3 in the Balina and Noaddah-2
soils, while Ɵv dropped mostly to only 0.35–0.40m3m−3 in case of
Melandoho. Due to a malfunctioning of the dielectric probe 4 cm depth
Ɵv data was missing for Sonatala-1 from 44 to 66 DAT, but from the low
Eh measured at 4 cm depth (see Section 3.2) it seems unlikely that there
were substantial drops in Ɵv.

3.2. Soil pH and redox potential (Eh)

Initial soil pH varied between 5.2 and 6.7 (Fig. 1), increased to-
wards neutrality within 14 DAT, and then stabilized during CF and
fluctuated between 5.7 and 7.0 during intermittent flooding (34 to
72 DAT).

In all four soils Eh dropped sharply within the first 14 DAT in-
dicating reductive conditions both at 4 and 14 cm depth (Fig. 1). The
extent of these declines in Eh varied among soils: with the smallest drop
in Eh in Noaddah-2 (−48 and −73mV at 4 and 14 cm depth) and the
strongest in Sonatala-1 (−144 and− 208mV at 4 and 14 cm). Except
for Noaddah-2, strongly reductive conditions persisted over the CF
period.

During subsequent AWD irrigation management, Eh fluctuated in all
soils at 4 cm and to a lesser degree at 14 cm depth. In the Sonatala-1 and
Melandoho soils Eh stayed in Fe-reductive to methanic ranges (−94 to
−199mV and− 3 to −143mV, respectively), rise up to a Mn- and Fe-
reductive conditions in the Noaddah-2 (+152 to −148mV) soil and
remained positive (+11 to +215mV) in the Balina soil.

3.3. Soil solution Fe and Mn and relation to initial drop in Eh following soil
flooding

Irrespective of soil depth, solution Fe steeply increased in
Melandoho and Balina soils, and already peaked around 14 DAT, and
this rise lasted till 21 and 29 DAT, respectively (Fig. 2), but was slower
for the Sonatala-1 and Noaddah-2 soils (Fig. 2). Temporal patterns of
soil solution Mn resembled those for Fe but a first fast rise at 4 cm depth
finished earlier, except in case of Balina. After peaking for several days
soil solution Fe and Mn then more gradually dropped to low levels
between 42 and 72 DAT. For each of the four studied soils and at both
depths, during the CF period Eh at individual measuring dates was well
negatively correlated with solution Fe (mostly p < 0.01 and
r > 0.90), logically denoting pronounced reductive dissolution of Fe-

(hydr-)oxides following the initial fast Eh drop (Grybos et al., 2009;
Zhang et al., 2012).

Irrespective of soil depth, log-normal models fitted to the temporal
evolutions of solution Fe and Mn disclosed that high Femax levels were
reached in the Balina (217 ± 5 to 231 ± 19mg L−1) and Melandoho
(191 ± 32 to 367 ± 31mg L−1) soils (data not shown), matching the
most reductive conditions in these two soils (Eh lowered to −140mV
and −175mV, respectively). At 14 cm depth as well, reductive Fe-
dissolution was prominent in the Balina, Noaddah-2 and Melandoho
soils. Elevated 4 cm depth solution Mn2+ levels in the Balina soil in-
dicated that Mn4+/3+-reduction was also a likely relevant process
maintaining microbial activity in that soil. The same applies to the
14 cm depth for Sonatala-1, Noaddah-2 and Balina soils (Fig. 2), where
even higher Mn concentrations were reached. The overall ordination of
Mnmax was Balina > Noaddah-2 > Sonatala-1 > Melandoho.

These observations could be partly linked to Feox and Mnox contents.
Lowest Mn2+ levels in the Melandoho soil match its lowest Mnox con-
tent (Table 1). Highest the Femax (66 ± 11mg L−1) and Mnmax

(16 ± 2mg L−1) at 4 cm depth in the Noaddah-2 soil coincided with
the less pronounced reductive conditions (average Eh: 22mV). Mostly
trends in Eh and Fe and Mn were similar at both depths, but in the
Noaddah-2 soil more prominent reductive conditions at 14 cm depth
were indicated from higher mean Femax (229 ± 13mg L−1) and Mnmax

(51 ± 3mg L−1) and drop in Eh from +281 to −73mV during CF.
Roughly summarized, the data suggest that Fe-reduction was the pre-
dominant process in all soils, while Mn-reduction was prominent as
well in Balina and Noaddah-2 and to a lesser extent in Sonatala-1.

3.4. Temporal patterns of mineral N in soil, and jointly in soil and plant

Initial mineral N contents ranged from 8 to 25mg kg−1, with a
considerable part under the form of NO3

−-N. After flooding, however,
any mineral N detected was NH4

+-N. During 0 to 58 DAT, exchange-
able NH4

+-N followed consistent patterns in each soil with relatively
small standard deviations around means (Fig. 3). Generally, soil mi-
neral N content went up linearly with time, peaked around 15 DAT, and
then declined gradually to very low levels at 58 DAT. NH4

+-N contents
were nearly equal in both sampled depth increments and superior in the
Melandoho and Balina soils. The overall order of calculated net increase
in soil mineral N (mg kg−1) over this time was: Balina
(65–77) > Melandoho (45–59) > Noaddah-2 (19–24) > Sonatala-1
(10–18). The net evolution of mineral N supply (soil exchangeable N
and N taken-up by plant) over time was well modeled by first-order
kinetic models during the 0 to 31 DAT CF period (R2: 0.83–0.96) and by
a zero-order model during the AWD period (R2: 0.70–0.99) (Fig. 4). At
any sampling event, the joint cumulative mineral N release differed
significantly (p < 0.05) between the soils with higher final total N-
release (in mg kg−1 after 58 days) from the Balina (86) soil than from
Melandoho (76), Sonatala-1 (61) and Noaddah-2 (59) soils.

3.5. Evolution of DOC in soil solution and emission of CH4 and CO2

During the monitoring period, DOC concentrations increased at
both sampled depths in the Sonatala-1, Melandoho and Noaddah-2 soils
(Fig. 5(a) and (b)). In the Balina soil, DOC concentrations increased
sharply until 14 DAT and then decreased gradually until 42 DAT
(Fig. 5(a) and (b)). Within each soil, DOC concentrations at 14 cm were
always greater than at 4 cm. Faster initial increases in DOC were also
observed at 14 cm depth for the Sonatala-1 and Melandoho soils. DOC
levels in the Noaddah-2 soil were less than half than in the other soils.
Calculated rises in DOC concentration, at 4 and 14 cm depth were 326
and 488mg L−1 for Sonatala-1, 373 and 630mg L−1 for Melandoho,
456 and 667mg L−1 for Balina, and 87 and 272mg L−1 for Noaddah-2,
respectively.

CH4 emission rates remained minor throughout and strongly fluc-
tuated in both the flooded and AWD periods (Fig. 5(c)). During CF
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Fig. 2. Evolution of soil solution Fe2+ and Mn2+ concentration at 4 and 14 cm depth in four Bangladeshi floodplain paddy soils (vertical bars indicate standard errors
around means, n=3).

Fig. 3. Progression of soil mineral N content at 4 and 14 cm depth in four Bangladeshi floodplain paddy soils (vertical bars indicate standard errors around means,
n= 3).
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mean CH4 flux rates were indifferent between soils (Table 2). In the
AWD period (42–72 DAT) mean CH4 fluxes varied significantly
(p < 0.01) (Table 2) in the order: (in mg CH4 kg−1 h−1) Melandoho
(0.014) > Balina (0.0104) > Sonatala-1 (0.0103) > Noaddah-2
(0.005). CO2 was diversely emitted from all soils and always dominated
gaseous C emissions (CO2-C+CH4-C) (Fig. 5(d)). During the CF man-
agement (0–29 DAT), the mean total C emission rates were 0.6, 0.7,
1.13 and 0.7mg kg−1 h−1 from the Sonatala-1, Melandoho, Balina and
Noaddah-2 soils, respectively (Table 2). Between 42 and 69 DAT total C
emission rates declined and stabilized at 0–1mg kg−1 h−1. A first-order
kinetic model fitted well to the cumulative amount of C mineralized
(CO2-C+CH4-C in mg kg−1 soil) over time (R2≥ 0.98) (Table 2 and
data not shown).

3.6. Correlation of NH4
+-N release rate with soil properties, rate of DOC

and C efflux, and reductive Fe- and Mn dissolution

During both CF and AWD periods mineral N release rate correlated
negatively with the initial soil pH-KCl (p < 0.05) and the SOC:Feox
ratio (p < 0.01), while no relations were found with SOC, soil N,

SOC:Mnox ratio, Mnox or Feox (Table 3). To investigate possible tem-
poral co-variation of mineral N release and Fe and Mn dissolution rates
among the soils we calculated the rates of net mineral N supply at
corresponding time intervals DAT 0 to tmax;Fe and tmax;Mn. Correlation
coefficients were calculated between these mean short-term rates soil N
supplied (exchangeable N in soil and N taken up by plant) on the one
hand and release rates of solution Fe2+ and Mn2+, and other relevant
soil properties on the other (Table 3). During CF, this rate of net mineral
N supply was strongly and positively correlated with the build-up rates
of soil solution Fe2+ (p < 0.01) and DOC (p < 0.01) at both depths,
and with total C efflux rate (p < 0.01) (Table 3). During AWD, the N
release rate and C efflux rate correlated significantly (p < 0.01), but
neither correlated with the mean DOC level (Table 3).

3.7. Characterization of soil Fe by Mössbauer spectroscopy

Characterization of the initial soil Fe was performed using
Mössbauer spectroscopy. A more detailed description and interpreta-
tion of experimental readings is given in Appendix A.2. At room tem-
perature, the MS were interpreted as several overlapping ferrous and

Fig. 4. Net evolution of mineral N (in soil and plant) and plant N uptake in four Bangladeshi floodplain paddy soils (vertical bars indicate the standard errors of the
means). Fitted first and zero order models are illustrated by dash lines (vertical bars indicate standard errors around means, n=3 or n=2).
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ferric quadrupole doublets, which were insufficiently resolved to
identify Fe phases. At 75 K, a magnetically split component was ap-
parent and was attributed to Fe3+ in goethite (see further). At lower T,
typically a second magnetic and very broad spectral component could
additionally be resolved from the experimental spectra, which, on the
basis of the extracted hyperfine parameters, in particular the magnetic
hyperfine field Bhf, is believed to be due to Fe3+ in ferrihydrite (see
further). The remaining and generally prominent doublet absorptions
present in these low T-spectra typically could be reproduced by one

ferrous and one ferric doublet (Table 4). The related experimental and
calculated MS are shown in Fig. 6. From the low T MS-analyses it is
apparent that Balina, Sonatala-1 and Melandoho samples contain
chlorite and/or vermiculite, as was confirmed by XRD previously by
Kader et al. (2013). However, further identification of the chlorite was
impossible. The magnetically split components resolved from the low-
temperature spectra were typical for Fe3+ and identified features were
typical for poorly crystalline goethite. A final very broad magnetic
component identified only at T≈ 18 K was assigned to ferrihydrite

Fig. 5. Evolution of soil solution dissolved OC concentration (a, b), soil flux of CH4 (c) and total C emission (d) rate for four Bangladeshi floodplain paddy soils
(vertical bars indicate standard errors around means, n= 3).

Table 2
Mean soil (± standard error) CH4 and C emission rates during continuously flooding (CF) and subsequent alternate wetting and drying (AWD), model parameters of
a 1st order kinetic model fitted to cumulative C mineralization data and observed cumulative mineralized C.

Soil Mean CH4 flux (mg C kg−1 h−1) Mean CO2+CH4 flux (mg C kg−1 h−1) 1st order C-model parameters Observed cumulative C
emission
(mg C kg−1 69 days−1)CF AWD CF AWD CA (mg C kg−1) k (day−1) R2 (−)

Sonatala-1 0.013 ± 0.0021 0.010 ± 0.0013ba 0.551 ± 0.1053 0.449 ± 0.1442 1055 ± 498 0.02 ± 0.014 0.98 776 ± 222
Melandoho 0.011 ± 0.0023 0.014 ± 0.0011a 0.707 ± 0.1622 0.799 ± 0.4070 10,685 ± 46,773 0.002 ± 0.011 0.98 1474 ± 431
Balina 0.012 ± 0.0005 0.010 ± 0.0003b 1.1252 ± 0.6352 0.275 ± 0.2654 1412 ± 548 0.03 ± 0.023 0.99 1222 ± 551
Noaddah-2 0.007 ± 0.0007 0.005 ± 0.0004c 0.714 ± 0.2677 0.488 ± 0.2549 2993 ± 6257 0.01 ± 0.013 0.98 970 ± 392
ANOVA N.S. p < 0.01 N.S. N.S. – – – N.S.

N.S.: not significant at p= 0.05. Different letters after group means indicate significant differences (p≤ 0.01) according to Duncan's Multiple Range test.
a Significance of one-way ANOVA with “Soil” as fixed-factor.
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(Murad, 1998; Vandenberghe et al., 1990), indeed in many soil types
closely associated with presence of poorly crystalline goethite. The MS
of the Noaddah-2 sample are significantly different from those of the
other samples, in the sense that the resonant γ-ray absorption in this
sample is very weak in comparison with the former three samples.
However, despite of the poor statistics, the calculated hyperfine para-
meters of the resolved magnetic components at low T again indicate the
presence of goethite and ferrihydrite in the Noaddah-2 soil. Contrary to
the other three samples, however, the central absorption in the low T-
MS could not be well adjusted by the combination of one Fe3+ and one
Fe2+ doublet, but it is plausible that it originates from a chlorite or clay

Table 3
Pearson's correlation coefficients (r) between C mineralization and net mineral
N supply rate (soil+ plant) and initial soil properties, soil solution Fe, Mn and
DOC build-up rates during CF and AWD, the SOC:Feox and SOC:Mnox ratios and
mean DOC level.

Soil parameter Net mineral N release rate
(in mg kg−1 d−1)

C mineralization rate (in
mg kg−1 d−1)

CF AWD CF AWD

SOC (g kg−1) −0.34 −0.37 −0.31 −0.25
Soil N (g kg−1) −0.16 −0.20 −0.12 −0.06
pH-KCl −0.63⁎ a −0.60⁎ −0.64⁎ −0.61⁎

Fe-ox (g kg−1) 0.55 0.49 0.59⁎ 0.65⁎

Mn-ox (g kg−1) −0.36 −0.44 −0.32 −0.26
SO4

2− (mg kg−1) 0.75⁎⁎ 0.71⁎⁎ 0.79⁎⁎ 0.83⁎⁎

CF Fe2+ build-up rate
(mg L−1 d−1): 4 cm

0.90⁎⁎ – 0.80⁎⁎ –

CF Fe2+ build-up rate
(mg L−1 d−1): 14 cm

0.77⁎⁎ – 0.48 –

CF Mn2+ build-up rate
(mg L−1 d−1): 4 cm

−0.18 – 0.18 –

CF Mn2+ build-up rate
(mg L−1 d−1): 14 cm

−0.41 – 0.03 –

CF DOC build-up rate
(mg L−1 d−1): 4 cm

0.96⁎ – 0.66⁎ –

CF DOC build-up rate
(mg L−1 d−1): 14 cm

0.84⁎⁎ – −0.14 –

CF C mineralization rate
(mg kg−1 d−1)

0.99⁎⁎ – 1 –

AWD C mineralization
rate (mg kg−1 d−1)

– 0.97⁎⁎ – 1

SOC:Feox ratio −0.71⁎⁎ −0.70⁎ −0.70⁎ −0.67⁎

SOC:Mnox ratio 0.05 0.12 0.03 0.02
Mean DOC level

(mg L−1): 4 cm
0.59⁎ 0.48 0.60⁎ 0.40

Mean DOC level
(mg L−1): 14 cm

0.62⁎ 0.13 0.62⁎ 0.01

a *: significant at p= 0.05; **significant at p= 0.01.

Table 4
Low temperature Mössbauer spectroscopy results for Balina, Sonatala-1, Melandoho and Noaddah-2 soil samples.

T (K) Phase δ (mm/s) ΔEQ (mm/s) 2εQ (mm/s) Bhf
a (kOe) Γ (mm/s) RA (%)

Balina 19 Fe2+ Chlorite 1.244 2.845 0.45 32.8
Fe3+ Chlorite 0.489 0.829 0.66 44.1
Fe3+ Goethite 0.46 −0.23 494 0.27 14.7
Fe3+ Ferrihydrite 0.45 −0.11 439 0.27 8.4

Sonatala-1 17 Fe2+ Chlorite 1.245 2.824 0.45 39.7
Fe3+ Chlorite 0.487 0.863 0.61 39.1
Fe3+ Goethite 0.47 −0.24 501 0.27 15.6
Fe3+ Ferrihydrite 0.56 0.02 427 0.27 5.6

Melandoho 19 Fe2+ Chlorite 1.250 2.819 0.49 41.5
Fe3+ Chlorite 0.484 0.872 0.62 41.3
Fe3+ Goethite 0.46 −0.23 498 0.27 12.5
Fe3+ Ferrihydrite 0.44 −0.12 435 0.27 4.7

Noaddah-2 19 Fe2+ Chlorite 1.180 2.766 1.565 26.7
Fe3+ Chlorite 0.504 0.806 0.727 30.7
Fe3+ Goethite 0.51 −0.19 491 0.27 29.0
Fe3+ Ferrihydrite 0.60 0.05 435 0.27 13.6

a Highest probability value of the evaluated model-independent hyperfine-field distribution.

Fig. 6. Experimental (+) and calculated (black solid line) Mössbauer spectra
for four Bangladeshi floodplain paddy soil samples. Green: goethite sub spec-
trum; blue: ferrihydrite sub spectrum; red: Fe3+ doublet; orange: Fe2+ doublet.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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mineral as for the other samples.

4. Discussion

4.1. Soil redox reactions and microbial activity during continuous flooding

Eh (Fig. 1) dropped quickly and steeply in all four studied young
floodplain paddy soils (Munch et al., 1978). Soil temperatures were
elevated, i.e. 27 °C (Fig. 1), typical for field soils in late Boro and Aus
seasons (Hossain et al., 2014), and resulting high soil microbial activity
(Devevre and Horwath, 2000; Dommergues et al., 1978) likely caused
this fast onset of soil reductive conditions. Indeed, the initial Eh drop
and mean CH4 emission rates during CF were greatest in the Sonatala-1
and then in the Balina soil with Eh < −150mV, followed by Mel-
andoho and Noaddah-2 with less negative eventual Eh ranges (Figs. 1
and 5). Nevertheless, SOC content did not correlate to CH4 or total C-
emission rates nor to minimum Eh reached after several days of sub-
mergence. Also, cumulative total C-emissions during CF followed a
different ordination than SOC level and the calculated maximal drop in
Eh since onset of submergence (see Section 3.5). Hence, other factors
than just SOC content must have co-determined gross microbial activity
and variation in Eh.

Next to availability of a C substrate, course, rate and magnitude of
Eh decrease are well known to also depend on nature and contents of
oxidants (NO3

−, Mn4+, Fe3+, SO4
2−,CO2) (Ponnamperuma, 1972;

Narteh and Sahrawat, 1999; Sahrawat, 2005). To calculate e− donation
rate total C emission rate was recalculated by using first order model
parameters (Table 2) per soil employing same time interval (7–17 DAT)
to reach maximum Fe and Mn levels, as attained from the fitted log-
normal models per soil depth. We, assumed that 1meq of C miner-
alized, inferred from CO2 and CH4-emission, corresponds to donation of
4 electrons (e−), equivalent to oxidation of hexose carbohydrate units.
In part, this assumption may not hold entirely since e− donation from
intermediate transformation steps of OM with no CO2 emitted. How-
ever, Inubushi et al. (1984) in fact confirmed a very close correspon-
dence between CO2 emitted and calculated C-decomposition based on
quantification of e−-acceptance through follow-up of reduced species in
soil slurries. The estimated e− donation rate (in meq e− kg−1 day−1)
during the CF period (7–17 DAT) was then greater in Balina (11−12)
than in the Melandoho (8), Sonatala-1 (6) and Noaddah-2 (5) soils. We
then calculated the potential contribution of denitrification as counter-
process to terminally accept these electrons, assuming all initially
present NO3

− was completely reduced, requiring 5meq e− per meq
NO3

−. If so, NO3
− reduction could have sustained no> 1% of anae-

robic microbial activity. Sulphate reduction was not investigated, but
initial soil SO4

2− contents and C mineralization rates correlated posi-
tively (p < 0.01) (Table 3). Assuming complete reduction of all SO4

2−

and acceptance of 8meq e− per meq SO4
2−, again only a maximum of

~4% (in Melandoho and Noaddah-2) and ~5–6% (in Balina and So-
natala-1) of donated electrons could have been consumed by sulphate
reduction. The limited emission of CH4 (1–2% of C emission) as well
implicates that final reduction of CO2 was also less relevant.

In wetland paddy soils Fe3+ reduction contributes dominantly to
the capture of e− released from anaerobic decomposition of OM (Van
Bodegom et al., 2003; Qu et al., 2004; Narteh and Sahrawat, 1997). We
hypothesized a positive relation between C emission, indicative of OM
decomposition, and the proportionating of OC (e− donors) vs. Feox (e−

acceptors), because then less OM is stabilized by mineral adsorption
onto Fe(hydr-)oxides and likeliness that availability of reducible Fe3+

would form a bottleneck for microbial activity diminishes. Indeed the
least reductive conditions and lowest CH4-emission rate were observed
for the Noaddah-2 soil, with a SOC:Feox of only 2.6 i.e. a relative high
abundance of e− acceptors (Feox) compared to the e− donors (SOC).
Likewise the lower minimal Eh at 4 cm depth in Sonatala-1 compared to
Balina could also be coupled with its higher SOC:Feox (4.9 vs. 2.0) and
SOC:Mnox (117 vs. 73). The ranking of cumulative C emission over

69 days (in mg C kg−1) over the soils was also vice versa than the
SOC:Feox (Melandoho < Balina < Noaddah-2 < Sonatala-1) (Tables
1 and 2). Notwithstanding, correlation of SOC:Feox, and also SOC:Mnox,
to the initial drop in Eh and C-emission during CF was weak, possibly
because only a part of NH4-oxalate Fe is readily utilizable by iron-re-
ducers (Van Bodegom et al., 2003). Alternatively, the patterns of soil
solution Fe and Mn were then considered to indirectly backtrack the
contribution of reductive Fe and Mn dissolution among all e−-accepting
reactions.

We estimated the share of donated meq e− kg−1 day−1 used for
reductive dissolution of Fe and Mn, assuming that 1meq of Fe3+ (as
amorphous Fe(OH)3) and Mn4+ (as MnO2) corresponds to accept 1 and
2meq e−, respectively. Mn-reductive dissolution appeared a lesser re-
levant e− accepting process with a consumption of % of e− donated in
the Noaddah-2 soil of only 3.2–6.7%, followed by the Balina
(1.6–2.4%), Sonatala-1 (1.6–2.2%) and Melandoho (0.9–1.4%) soils.
The overall contribution of reduction of Fe3+, inferred by observing its
dissolution (indicated as % of e− donated) was higher in the Melandoho
soil (14–25%) than in the Noaddah-2 (5–17%), Balina (7%) and
Sonatala-1 (2–4%) soils. In this estimation we neglect that part of dis-
solved Fe2+ could have been re-oxidized at the standing water's O2-
containing surface layer, in soil by redox-couples with SO4

2− or pre-
cipitated as Fe-sulfides-carbonates or -phosphates (Zhang et al., 2012),
or exchanged with Ca2+ and Mg2+. Thus the importance of reductive
Fe and Mn dissolution as e−-accepting processes may have been un-
derestimated. Re-oxidation of Fe2+ with SO4

2− and precipitation as Fe-
sulfides seems unlikely because this process occurs in soils with Eh <
−220mV and when supply of Fe is limited (Zhang et al., 2012). For-
mation of vivianite was probably limited given pore water P levels of
only 0.1–0.9 mg l−1. We have no indications on siderite formation but
in future follow-up of dissolved CO2 could help to estimate the pre-
cipitation of Fe2+ as FeCO3. It is also not possible to quantify Fe2+

oxidation by O2 in the upper mm of the standing water, but lower soil
solution Fe maxima at 4 than at 14 cm depth in case of Melandoho and
Noaddah-2 might indicate that this process was relevant in these two
soils. With respect to Fe2+ removal by ion exchange, ancillary in-
cubations showed that maximum soil solution Ca2++Mg2+ con-
centrations were 2, 4 and 6mmol l−1 in Noaddah-2, Melandoho and
Balina soils, respectively. Assuming an equivalent solution Fe removal
by ion exchange, it can be inferred that pedogenic Fe reduction was
potentially underestimated by a factor 2. If so, the estimated con-
tribution of pedogenic Fe reduction to e− capture could have been
rather 4–49%. These estimates remain below e− capture ranges re-
ported (66–84%) by Inubushi et al. (1984) and point out that other
processes then pedogenic Fe3+ reduction are involved as e− accepting
process.

The quantitative Fe-distribution data obtained by Mössbauer spec-
troscopy (see Section 3.7), however, only identified goethite and fer-
rihydrite as prominent pedogenic forms of Fe. So soil solution Fe would
have most likely mainly derived from low crystalline goethite and
ferrihydrite in all soils. Ponnamperuma et al. (1967) in contrast sug-
gested that the principal oxidant in flooded soils is Fe(OH)3, because of
its low crystallinity and related preferential reduction (Lindsay, 1979;
Zhang et al., 2012). In addition Ponnamperuma et al. (1967) concluded
a hydrated variant of Fe3O4 to be a common source of dissolved Fe too.
The Mössbauer spectra demonstrate that these conclusions cannot
apply to the investigated soils and more specifically ferrihydrite then
appears the most likely source mineral of dissolved Fe because it has
been shown to be preferentially used as electron acceptor in Italian
paddy soils compared to goethite and hematite (Qu et al., 2004).
Comparing ordination of solution Fe2+ maxima with the ferrihydrite
contents is, however, not informative because we deliberately selected
soils with different SOC to Feox ratio and furthermore other oxidants
also determine net use of ferrihydrite as e− acceptor. Hence we cannot
yet unequivocally confirm ferrihydrite-Fe3+ as the primary source mi-
neral of dissolved Fe. Specific minerals controlling Mn solubility could
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not be recognized in any of the studied soils though we attempted this
by comparing Mn levels with known source-mineral specific relations
with pe and pH.

Most importantly, though, we infer from the above analysis that a
non-negligible share of anaerobic microbial activity relies on reduction
of still other soil oxidants than the ones discussed. A likely key alter-
native electron-accepting redox reaction may be reduction of Fe3+ in-
side phyllosilicates, not accompanied by a substantial buildup of Fe2+

in the soil solution. Bio-reduction of phyllosilicates was discovered
25 years ago (Pentráková et al., 2013) and since then often re-
confirmed. Mössbauer spectroscopy identified silicate structural Fe3+

to represent 30–44% of soil Fe, indeed a considerable pool of poten-
tially reducible Fe but no relation existed between % of silicate Fe3+

and soil C mineralization. Mössbauer spectra from all four soils were
characterized by large Fe3+ and Fe2+ doublets, characteristic of a
chlorite or vermiculite. Brookshaw et al. (2016) recently demonstrated
microbial reduction of chlorite. The co-occurrence of Fe2+ and Fe3+

would narrow the identification of chlorite present in these soils down
to either chamosite, nimite or sudoite, but confirmation is complicated
by the interstratification of chlorite and vermiculite in all four soils, as
detected by X-ray diffraction (Kader et al., 2013).

4.2. Soil mineral N supply influenced by solution Fe and Mn, and other
relevant soil properties

In all four soils, the soil exchangeable NH4
+-N contents quickly

rose, with the highest measured concentration in the Balina soil fol-
lowed by Melandoho (Fig. 3), intermediate buildup in Noaddah-2 and
lowest accumulation in Sonatala-1. Such fast increase of soil NH4

+-N is
likely the result of fast N mineralization and less immobilization in
flooded soils (Ponnamperuma, 1972; Zhang and Scherer, 2000). The
order of mineral N release rate (Fig. 4) did not correspond with that of
SOC and total N content (see Section 3.4 and Table 1) in line with
several previous studies (Zhu et al., 1984; Khaokaew et al., 2007; Kader
et al., 2013). As an explanation, Cassman et al. (1996) and Adhikari
et al. (1999) suggested that with increasing N content, paddy soils hold
an increasing part of N, which is more resistant for anaerobic miner-
alization. Schmidt-Rohr et al. (2004) then confirmed that in con-
tinuously submerged paddy soils a large amount of amide N is bound to
the aromatic rings of the lignin-rich SOM, possibly declining readily
plant available N. In the present study, both rate of net mineral N
supply (soil plus plant N) during CF and C mineralization rate corre-
lated negatively with the SOC:Feox ratio (r=−0.71; p < 0.01 and
r=−0.70; p < 0.01 respectively) (Table 3). A strong positive corre-
lation also existed between the rate of soil solution Fe buildup and
anaerobic N mineralization (Table 3), with a remarkable synchrony of
both in the first weeks of submergence (Figs. 2 and 3) and partly also
later on.

This prompts the question just how Fe3+-reduction and microbial N
mineralization relate. From our preliminary electron balance calcula-
tions (see Section 4.1), we infer that electron acceptance involved in
reductive dissolution of Fe3+ and Mn4+/3+ would not have dominantly
controlled microbial activity in these soils. The temporal synchrony of
buildup of soil solution Fe2+, Mn2+ and soil exchangeable mineral N
could instead be explained by release of mineral-bound OM from re-
duced pedogenic oxides, then made available for subsequent miner-
alization (Grybos et al., 2009). Indeed, N mineralization rates corre-
lated positively with DOC release rates. Large release of DOC, as in the
Balina and Melandoho soils, may have promoted N mineralization, as
observed from both soils. However, Hanke et al. (2013) concluded that
shifts in pH and not in Eh or Fe3+-reduction dominantly drove DOC
dynamics, but in their incubations lowest Eh reached was close to 0mV
and highest solution Fe2+ concentration only 5mg L−1, a factor 50
lower than levels reached here. So reductive Fe3+-dissolution was a
much more important process in the present pot experiment, while
Hanke et al. (2013)'s soil slurry setup failed to establish reductive

conditions typical for paddy fields.
One could alternatively hypothesize organic N release and later on

mineralization is depending on reduction of Fe3+ in clay minerals, as
silicate structural Fe3+-reduction might be an important electron ac-
cepting process in the presently investigated soils. Sodano et al. (2016)
found that electrostatic attraction of N-containing compounds by the
negatively charged vermiculite surface is an important organic N
binding mechanism. If so, reduction of silicate structural Fe3+ would,
however, have only resulted in a stronger clay surface negative charge
and would not have caused specific N release. But care should be un-
dertaken to extrapolate Sodano et al. (2016)’s findings, as the quality of
applied DOM used could differ from the native DOM in the here studied
soils. Lastly, of great importance is Brookshaw et al. (2016)’s recent
observation that microbial reduction of the Fe3+ in clay minerals
causes a destabilization of the octahedral layer and release of K and Mg.
All investigated soils were rich in vermiculite and interstratified ver-
miculite-chlorite and its reduction might then analogously result in
fixed-NH4

+ release. In addition, Scherer and Zhang (1999) suggested
that reduction and dissolution of Fe3+-(hydr-)oxides coatings on clay
surfaces at low Eh favors either release or fixation of NH4

+, depending
on NH4

+ concentration in solution. Previous lab incubation experi-
ments with two of the studied soils, however, did not confirm sub-
stantial release of fixed-NH4

+ (Akter et al., 2016), but like in Hanke
et al. (2013)'s study, solution Fe2+-levels reached were much smaller
than in the current pot experiment. So reductive conditions required to
destabilize Fe3+-clay or to dissolve covering pedogenic Fe3+-(hydr-)
oxides may not have been reached in our previous study (Akter et al.,
2016). It then remains plausible to hypothesize that reduction of ver-
miculite-Fe3+ or Fe3+-(hydr-)oxides coatings on clay surfaces releases
fixed NH4

+. Only future experiments with a 15N-labelled fixed-NH4
+

pool could help to test if and how soil reduction promotes its release
and to what extent.

N mineralization rate best correlated with total C emission rate
(CO2-C+CH4-C) (r= 0.99 and p < 0.01), demonstrating that re-
gardless of the potential involvement of abiotic steps in organic N or
fixed-NH4

+ release, magnitude of microbial activity determines N mi-
neralization. Yonebayashi and Hattori (1986) as well found anaerobic N
mineralization in waterlogged paddy soils to be greatly influenced by
the presence and amount of easily degradable OM. Sahrawat (2004)
reported that soils having a high OC and reducible Fe were high in
mineralizable N, whereas soils low in OC or reducible Fe had relatively
lower contents of mineralizable N. The positive correlations of C and N
mineralization rates with Fe-release rate on the one hand, and the ne-
gative relations with SOC to Feox ratio on the other do indicate a gen-
eral connection between availability of Fe for reduction and microbial
activity, but still this relation remains unresolved. In contrast, there
existed no link between DOC, Fe and Mn dynamics and N mineraliza-
tion during AWD management with fluctuating water table. In spite of
still sustained low redox potential in three out of four soils, soil mineral
N release was not coupled anymore with Fe3+- and Mn4+/3+- reduc-
tion.

Of interest is that in the Sonatala-1, Melandoho and Noaddah-2
soils, switching to AWD instead reinitiated rise in summed exchange-
able mineral soil N and plant N (14 to 40mg kg−1), following a linear
course (Fig. 4) with time (R2= 0.70 to 0.99). Multiple explanatory
mechanisms are explored for this remarkable recommencement of N
release after CF-AWD transition:

1. Dissolved OM accumulated during CF, generally thought to stem
from incomplete OM degradation and accumulation of water soluble
intermediate metabolites (Sahrawat, 2004), might have been mi-
neralized and acted as N-source during subsequent less anoxic
conditions during AWD. This seems improbable, however, because
over the entire AWD period (33–50 DAT) DOC concentrations re-
mained elevated, and also N release rate was not correlated with
mean DOC level between 31 and 58 DAT (Table 3). A switch to AWD
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would not have caused desorption of OC maintaining DOC levels,
because pH decreased during AWD and dissolved Fe2+ and Mn2+

re-oxidized by drainage events and O2 diffusion through rice roots
(Li et al., 2008) that started to grow vigorously. Both processes in-
stead should have led to DOM precipitation and reabsorption but
nonetheless DOC levels were apparently unaffected by the switch to
AWD. Said-Pullicino et al. (2016) found that over time the soil so-
lution specific UV absorbance increases, indicating a larger degree
of aromatics in DOM. This accumulation of more refractory C may
instead explain why even after shifting to intermittent flooding,
DOC was not readily bio-degraded, also in line with Hanke et al.
(2013), who also found inert paddy soil DOC levels upon a shift from
anoxic to oxic conditions.

2. Dying-off of anaerobic microbial biomass following transition to
AWD could have instigated net mineral N release. Indeed, microbes
in rice soils have been reported to be an important temporary sink
for N (Said-Pullicino et al., 2014), especially with an external C-
source applied. At the same time, the replacing aerobic community
should have a larger N requirement, perhaps temporarily resulting
in N immobilization. Unequivocal verification of the net N balance
of both sequential processes would require temporal follow-up of
the soil microbial N pool, ideally with preceding microbial im-
mobilization of 15N.

3. Plant growth promotes net buildup of inorganic N in submerged
soils (Buresh et al., 2008), possibly in several concomitant ways. At
58 DAT, all mineral N was mined from the upper soil increment and
relocated to plant biomass. The resulting very low NH4

+-N levels
would favor diffusion from fixed-NH4

+ pools and promote activity
of co-enzymes involved in ammonification, e.g. in terminal amino
acid NH2 hydrolysis. Mineral N depletion would furthermore have
rendered microbial anabolism N-limited, forcing microorganisms to
engage in mineralization of native SOM.

5. Conclusion

Synchrony reductive dissolution of most likely ferrihydrite and
poorly crystalline goethite and net accumulation of soil mineral N and
correlation of the rates of these processes, suggests a causal relation
between both. Net soil N supply's linkage to Fe-reduction via co-release
of bound organic N with reductive dissolution of Fe (hydr-)oxides seems
the most plausible explanation, but this requires experimental con-
firmation. Strictly in their role as oxidants, pedogenic Fe3+ and Mn4+/

3+ oxides could not determine C and net N mineralization rates in
Bangladeshi young floodplain soils because electron uptake for their
reductive dissolution was estimated to be probably no more than half of
total e− donation. Assessment of e− balances is, however, complicated
by concomitant removal of Fe2+ from soil solution, to a large extent by
exchange with Mg2+ and Ca2+ from soil colloid surfaces. We postulate
that reduction of octahedral Fe3+ in chlorites, vermiculite and their
interstratified forms would also be a significant electron accepting
process in Northern Bangladeshi paddy soils. Future experiments with
15N-labeling of the fixed NH4

+-pool are required to test if such desta-
bilization of the crystal structure furthermore releases NH4

+ out of the
clay minerals, in line with recent reports of release of other cations.

Lastly, temporal patterns in N supply from paddy soils can be very
much soil dependent with sometimes fast release and then relocation of
soil NH4

+ to plant N or more gradual accumulation of N in soil and
plant. Release of Fe and DOC is strong in first weeks after re-flooding
and then fades and so control of Fe reduction and OM dissolution on N
mineralization may then only be confounded to the first part of the rice
growing season. Initial differences in N dynamics among soils seem to
fade with time but a more complete picture of net soil N supply requires
measurement of clay-interlayer NH4

+ as well. Nevertheless, within
season transition towards intermittent flooding at first sight appears to
be a viable way to promote soil N supply, pending confirmation in field
experiments and further mechanistic elucidation.
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