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Fe pools and Fe isotope composition of the soil and 
rice plants.
Results Prolonged paddy management reduced 
Fe concentrations in submerged topsoil leading to 
an enrichment of heavy Fe isotopes, with the δ56Fe 
values 0.12‰ heavier than the parent material after 
2000 years. Particularly, Fe oxides were lost quickly, 
while exchangeable and organic-associated Fe con-
tinuously accumulated during paddy management 
and played an increasing role in the plant-available 
Fe pool in the topsoil. The Fe content in rice also 
increased with paddy age, while its Fe isotope com-
position did not reflect that of paddy soil but resem-
bled that of the Fe plaques on the roots.
Conclusion Prolonged rice cropping altered the bio-
logical contribution in the terrestrial Fe cycle. How-
ever, while soil Fe pools that are closely linked with 
biological activities were affected rather quickly, the 

Abstract 
Background and aims Paddy management results in 
frequent redox cycles of the soil and thus changes in 
the terrestrial iron (Fe) cycle. We intended to test that 
the increasing duration of paddy management and the 
increasing frequency of soil redox cycles leave their 
fingerprint on Fe isotope composition of paddy sys-
tems, which could subsequently be used to deduce the 
origin of rice plants as related to the extent of past 
soil paddy management.
Methods We sampled soil and rice plants of a paddy 
chronosequence in China with rice cultivation history 
up to 2000 years and determined the changes of soil 
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changes in the whole soil Fe system were detectable 
only after a millennium of paddy management.

Keywords Iron isotope composition · Paddy 
chronosequence · Rice · Iron uptake · Terrestrial iron 
cycle

Introduction

Paddy soils feed half of the population on Earth with 
its rice products. The paddy management includes 
puddling, flooding of soil, and drainage, and thus 
results in redox potential oscillations and intensified 
cycling of redox-sensitive elements, such as of iron 
(Fe). Along with the switch of active microbial com-
munity structures from aerobic to anaerobic consump-
tion of organic matter upon flooding, ferric (Fe(III)) 
species in soil, among others (such as manganese of 
quadrivalence (Mn(IV)), replace molecular oxygen 
 (O2) as the electron acceptor. The reductive dissolu-
tion of Fe(III) minerals is mediated by dissimilatory 
Fe reducing (DIR) bacteria (Lovley et al. 2004). The 
reduced Fe(II) is dissolved in soil water at pH 7 when 
the reducing potential is lower than 100 mV (Kögel-
Knabner et  al. 2010). As a consequence, soil water 
of flooded paddy fields is enriched in Fe(II)  (Fe2+), 
which can be leached to deeper soil horizons and in 
other directions. Successive re-precipitation in depth 
results in the formation of an Fe-rich illuvial horizon 
that is often diagnostic for paddy fields with long-
term rice cultivation (Cheng et  al. 2009). The Fe in 
the illuvial horizon often shows zonation of brownish 
color, rich in Fe oxides.

Changes in the dynamics of Fe can be assumed to 
be associated with Fe isotope fractionation, as redox 
reactions of Fe and related dissolution and precipita-
tion result in isotopically different Fe-containing reac-
tants and products (Wu et al. 2019). Some of the larg-
est Fe isotope fractionations occur between reduced 
and oxidized Fe forms, amounting for up to 1.4 to 
2.9 delta units (δ56Fe, ‰, Johnson and Beard 2006). 
Because of this fractionation, oxidized Fe species are 
usually enriched in heavy Fe isotopes relative to their 
reduced counterparts (Wu et  al. 2019). Regarding 
paddy fields, this isotope fractionation means that soil 
water enriched in  Fe2+ is isotopically lighter than the 
Fe(III)-containing minerals, from which  Fe2+ is dis-
solved or where the oxidized Fe precipitates. In this 

sense, eluviation of  Fe2+ and subsequent illuviation of 
Fe(III) should also result in differences in Fe isotope 
composition among soil horizons. Indeed, enhanced 
variation of Fe isotope composition was observed 
in paddy soil profiles, as a result of the preferential 
removal of isotopically light Fe (Huang et al. 2018).

In addition to redox oscillation on the level of soil 
horizons, there are microscale redox potential gradi-
ents in the rhizosphere of rice plants (Kögel-Knabner 
et  al. 2010). Like many other aquatic and wetland 
plants, rice roots form aerenchyma and release  O2 to 
the root surface, e.g., helping alleviate the toxicity of 
abundant  Fe2+ through oxidation (Becker and Asch 
2005). As a result,  Fe2+ in soil water is precipitated 
on the root surface as so-called Fe plaques. These Fe 
plaques are composed of both crystalline and short-
range-ordered Fe oxide phases. Using synchrotron 
radiation X-ray absorption spectroscopy, Amaral 
et  al. (2017) revealed that Fe in the plaques of rice 
roots was mainly composted of ferrihydrite, goethite, 
and lepidocrocite, with different magnitudes among 
cultivars and soil amendments.

Rice is a strategy II plant, capable of releasing 
phytosiderophores (PS) that chelate Fe(III) in the 
rhizosphere. The Fe(III)–PS complexes will be then 
imported by specific plasmalemma transporter pro-
teins (e.g., Takagi et  al. 1984). On the other hand, 
rice also has the ferrous transporter OsIRT1, which 
allows the crop to directly absorb Fe(II) ions from 
the  soil water (Kobayashi and Nishizawa 2012) in 
addition to a PS-mediated Fe(III) transport system 
(Bughio et  al. 2002). In other words, rice can take 
up Fe as Fe(III)-PS and Fe(II) ions (Ishimaru et  al. 
2006). Moreover, Ishimaru et  al. (2006) proposed 
that rice plants directly absorb free  Fe2+ via OsIRT1 
and OsIRT2 transporters in a Fe-rich growth media 
such as a paddy soil, where  Fe2+ is readily available. 
A paddy field study by Garnier et al. (2017) revealed 
a high enrichment of heavy Fe isotopes in rice roots 
relative to the plant-available Fe in the soil solution, 
suggesting that Fe was taken from the isotopically 
heavy Fe plaques rather than from the isotopically 
light  Fe2+ in soil water. However, as Fe isotope frac-
tionation also occurs during translocation from roots 
to shoots, the Fe isotope composition of plant roots 
cannot be used alone to deduce the isotope fractiona-
tion during uptake (Wiggenhauser et  al. 2022). In 
this regard, the heavy isotope signature of rice roots 
shown by Garnier et  al. (2017) can also be resulted 
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from in-plant translocation and transformation, as 
the aboveground organs exhibited light Fe isotope 
composition. On the other hand, by using an isotope 
mass balance approach, Chen et al. (2021) calculated 
respective contributions of paddy soil and the Fe 
plaques to the Fe in their rice plants, leading to their 
conclusion that about 70% of Fe in rice came from 
the soil. To this end, the contribution of Fe plaques 
to rice nutrition is thus still unclear. Assessing Fe iso-
tope composition in whole rice plants, rhizosphere, as 
well as paddy soils of different duration of paddy use, 
however, may highlight the underlying processes, and 
to what degree they might have changed in the history 
of paddy management.

In the present study, we took advantage of a paddy 
chronosequence with rice cultivation history up to 
2000  years (Kalbitz et  al. 2013; Kölbl et  al. 2014; 
Roth et  al. 2011) to investigate 1) whether and to 
which degree changes in Fe concentration and Fe 
isotope composition of the submerged paddy topsoil 
can be scaled to land-use ages, and 2) whether and 
to which degree the Fe isotope composition of rice 
plants reflects that of Fe plaques and that of soil in 
relation to the duration of paddy soil management. 
In this regard, we intended to provide insight on how 
prolonged agricultural practices such as rice cropping 
would alter the terrestrial Fe cycle.

Materials and methods

Study site

The studied sites are located in a land reclamation 
area in the Bay of Hangzhou near the City of Cixi, 
Zhejiang Province, China, including a paddy chron-
osequence, a tidal wetland soil and adjacent cultivated 
non-paddy upland soils, which share the same Yang-
tze River sediments as parent material. According to 
the Edit Committee of Chorography of Cixi County 
(Wang 2004), rice cultivation has a history of up to 
2000  years following successive dyke constructions. 
Upland soils of up to 700 years can be dated in adja-
cent areas to paddy, as non-paddy practices were not 
documented before. The reclamation for crop land-
use continues even nowadays. During our sampling 
campaign in 2018, we found a newly constructed 
dyke behind which a paddy field had been established 
less than 5  years ago (denoted as P5 in the present 

study). Annual precipitation in the region averages 
1325 mm with a maximum between April and Octo-
ber, and the mean annual temperature is 16.3  °C 
(Cheng et al. 2009). The dominant clay mineral of the 
soil is illite (Wissing et al. 2014). The soils are char-
acterized as Cambisols for non-paddy and younger 
paddy soils and Hydragric Anthrosols for paddy older 
than 100 years (Cheng et  al. 2009). The soil texture 
varies between loam, silt loam and silt clay loam. 
Further details of the paddy chronosequence can be 
found in Cheng et al. (2009) and Kölbl et al. (2014).

Sampling

The samples of soil cores from the chronosequence 
were obtained from a sampling campaign in June 
2008 and collected in triplicate from three adja-
cent independent paddy fields, as described in e.g., 
Kalbitz et al. (2013) and Wissing et al. (2011). Paddy 
soil profiles with ages of 100 and 700 years, together 
with non-paddy fields with respective ages, here-
after named as SP-P100, SP-P700, SP-NP100, and 
SP-NP700, respectively, were used in the present 
study to investigate the variation of Fe concentration 
and isotope composition in the soil profiles between 
paddy and non-paddy fields. As this sampling cam-
paign was performed after rice had been harvested, 
we carried out an additional sampling of the water-
logged paddy topsoil and corresponding rice plants 
in September 2018 from the same chronosequence, 
when rice was in the transition from flowering to rip-
ening stage. Also in triplicates, paddy fields with ages 
of 5, 50, 100, 300, 700, 1000, and 2000  years were 
sampled, hereafter named as P5, P50, etc. A non-
paddy soil close to the paddy field of P700 was also 
collected in 2018, hereafter named NP. In addition, 
a tidal wetland soil was sampled on the sea side of 
the newly constructed dyke close to P5 (denoted as 
P0). At each sampling location, a soil core (0–20 cm) 
was taken from the submerged topsoil and sealed in a 
plastic zipper bag. Extra water that was present on top 
of the soil core was drained, while water within the 
soil core remained with the soil. As the water level 
in each field was different, the depth of the soil core 
finally collected varied between 12 to 22 cm. A hand-
full of rice plants close to each soil sampling location, 
comprising 15 to 30 individual plants, was pulled out 
of the soil. The soil around the rice roots remained 
untouched until being processed in the labs of Ningbo 



618 Plant Soil (2024) 495:615–629

1 3
Vol:. (1234567890)

Observation and Research Station, Institute of Urban 
Environment (NUEORS), Chinese Academy of Sci-
ences (CAS), China. The plants were wrapped in 
large plastic bags with roots being inserted into a 
plastic bag with a zipper lock. The plants were stored 
at 4 °C before they were cleaned by deionized water 
and separated into organs the day after the sampling. 
About half of the rice roots were immediately used 
to extract the  Fe plaques as described below. The 
other half of the roots and other organs were frozen 
at −20 °C, freeze-dried before shipping to the Agro-
sphere Institute (IBG-3) at Forschungszentrum Jülich 
GmbH (FZJ), Germany.

Sample preparation

Digestion and extractions of soil

The soil of the soil profiles collected in 2008 were 
air-dried and was sieved to a size of < 2  mm for a 
microwave-assisted digestion as described below. The 
other soils taken jointly with the rice plants in 2018 
were freeze-dried in the  NUEORS and shipped to 
the IBG-3, FZJ, Germany, for Fe concentration and 
isotope composition studies. At the  IBG-3, the soil 
samples were milled to fine powders in a custom-
designed ball mill (Collomix Viba 330, Collomix 
GmbH, Germany) using metal-free plastic bottles and 
tungsten carbide milling balls. About 0.05 g soil was 
added with a mixture of 3 ml distilled ultrapure  HNO3 
(68%) and 1  ml  H2O2 (30%, p.a.) in a pressurized 
microwave-assisted digestion system (turboWAVE, 
Milestone Srl, Italy). After a step-wised digestion 
program, the digested sample solutions were centri-
fuged at 5000 × g for 10  min. While the undigested 
sand particles were discarded, the supernatant  (Febulk) 
was transferred into a round-bottomed 15-ml PFA 
vial (Savillex, Eden Prairie, USA) and placed on a 
heating plate at 80 °C to be completely dried down. 
The dried materials were re-dissolved in 1  ml 6  M 
HCl for further use. It is noteworthy that our diges-
tion methods did not dissolve the Fe that had been 
sequestered in the silicates. As Kölbl et al. (2014) did 
not find significant differences in the assemblage of 
silicates in this chronosequence, it is therefore reason-
able to assume that the variation of this Fe pool (i.e., 
silicate Fe) did not play a significant role in changes 
of the  Febulk as well as in rice nutrition in one grow-
ing season upon sampling.

To investigate Fe pools in soil, a sequential extrac-
tion of the topsoil was performed for 1) exchangeable 
and organically sorbed or bound Fe  (Feexch.+org.) by a 
mixture of 0.01 M ultrapure  HNO3 and  H2O2 (30%, 
p.a.), 2) short-range-ordered Fe oxides  (FeSRO) by 
0.5  M ultrapure HCl, and 3) crystalline Fe oxides 
 (Fecry.oxides) by the conventional dithionite-cit-
rate–bicarbonate (DCB) extraction. The amount of 
free Fe oxides was calculated as the sum of  FeSRO and 
 Fecry.oxides. The Fe pools by the sequential extractions 
were only analyzed for Fe concentration, but not for 
Fe isotope conposition.

To estimate the plant-available Fe in soil samples 
 (FeHCl, Guelke et  al. 2010), 1  g soil was weighed 
into a Falcon® centrifuge tube and added with 
20  ml 0.5  M ultrapure HCl. The soil-HCl mixture 
was shaken for 24 h using a rotator overhead shaker 
(BioSan Multi Bio RS-24, Germany) at room tem-
perature and centrifuged at 5 000 × g for 15 min. The 
residue was washed twice with Milli-Q water and 
the wash solution was combined with the extracted 
supernatant after centrifugation. The extract was 
then filtered through a PTFE filter with a pore-size 
of 0.45  µm and transferred into a round-bottomed 
22-ml Savillex PFA vial. After drying down at 80 °C, 
1 ml ultrapure  HNO3 (68%) was added to the sample 
before carefully adding 0.5 ml  H2O2 (30%, p.a.). The 
vials were firmly closed and heated at 100 °C for 2 h 
to fully oxidize organic matters. The solution was 
then dried down again at 80  oC and re-dissolved in 
1 ml 6 M ultrapure HCl for Fe purification.

Extraction of Fe plaques

The cleaned rice roots were merged in 200 ml 0.5 M 
HCl (p.a.) in an acid pre-cleaned glass beaker and 
placed in an ultrasonic bath for 15 min. After another 
two extractions by HCl, the roots were then rinsed 
twice in Milli-Q water for 15  min in the ultrasonic 
bath. The HCl-extract and the washed water were 
combined and heated at 90 °C to dryness and re-dis-
solved in 10 ml 6 M HCl. The concentrated extracts 
were sealed in metal-free plastic tubes and shipped to 
Germany. After the extraction, the roots looked pale 
in color, and the brownish color of the Fe plaques 
was slightly visible only at the basal root zone, indi-
cating that majority of the Fe plaques was success-
fully removed from the root surface. The roots after 
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extraction were frozen at −20  °C and freeze-dried 
before shipping to Germany.

The concentrated extracts were transferred to a 
round-bottomed 22-ml Savillex PFA vial after being 
filtered through 0.45  µm PTFE filters. The original 
tube was washed by 3 ml 6 M ultrapure HCl for three 
times and the wash solution was combined with the 
extracts. The solution was then heated until dryness 
at 80  °C. After drying down, 1  ml ultrapure  HNO3 
(68%) was added to the sample before carefully add-
ing 0.5  ml  H2O2 (30%, p.a.). The vials were firmly 
closed and heated at 100 °C for 2 h to fully oxidize 
any organic matters. The solution was then dried 
down again at 80  oC and re-dissolved in 1  ml 6  M 
ultrapure HCl for Fe purification.

Digestion of rice organs

The roots after the extraction of the Fe plaques, and 
the  aboveground organs were weighted and then 
milled to fine powder in the ball mill. Fifty (roots) to 
two-hundred milligrams (aboveground) plant organs 
were weighted into a PFA (roots) or glass (above-
ground) microwave extraction tube and mixed with 
5 ml distilled ultrapure  HNO3 (68%) and 2 ml  H2O2 
(30%, p.a.) for the microwave-assisted digestion. The 
microwave-assisted digestion could not fully digest 
the plant samples, since the silicates that had been 
accumulated in the rice were preserved. Each individ-
ual extract was centrifuged at 5000 × g for 10 min and 
the supernatant was dried down in a round-bottomed 
22-ml Savillex PFA vial at 80 °C. The dried materials 
were re-dissolved in 1 ml 6 M ultrapure HCl.

For all soil and plant samples, the concentrations 
of Fe and other nutrient elements (such as Mg, K, 
Ca, P, Mn, Cu, Zn, etc.) were analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS, 
Agilent 7900, Agilent, Germany) with uncertainty 
of max. 5%. An in-house standard for soil (Luvi-
sol, collected at Klein-Altendorf Experimental Sta-
tion  (50o37′9’’N,  6o59′29’’E) of the University of 
Bonn, Germany, Fe concentration 20.1 ± 0.6  g   kg−1, 
δ56Fe = −0.01 ± 0.03‰, n = 18) and NIST SRM 
1575a (Fe concentration 43.5 ± 0.8  g   kg−1, 
δ56Fe = −1.52 ± 0.08‰, n = 13) were processed 
for digestion as routine standards for soil and plant, 
respectively, in parallel with the samples in each ana-
lytical batch to validate the experimental and analyti-
cal procedures.

Iron purification and isotope analysis

The dry-down processes and Fe purification were per-
formed in customer-designed laminar flow box in a 
cleanroom at IBG-3, FZJ. Iron purification was car-
ried out using anion exchange chromatography resin 
(Bio-Rad AG1-X4, 200–400 mesh, Dauphas et  al. 
2004). Aliquots of the 6  M HCl-re-dissolved sam-
ples containing 10 µg Fe were loaded on 1 ml resin. 
The matrix elements were stepwise eluted by in total 
10 ml 6 M ultrapure HCl (matrix cut) and then Fe was 
stepwise eluted by in total 6 ml 0.05 M ultrapure HCl 
(for soil) or by 1.5  M ultrapure HCl (for plants due 
to relatively larger Zn: Fe ratios) (Fe cut). The Fe cut 
was then dried down at 80 oC and re-dissolved in 1 ml 
0.3 M ultrapure  HNO3 for Fe isotope analysis. Good 
recovery of Fe (> 95%) and the absence of matrix 
elements were confirmed by analyzing Fe and other 
elements (e.g., Al, Si, Mg, Ca, K, Mn, Cu, Zn, etc.) 
in the Fe cut by ICP-MS. A dissolved sample of Fe 
isotope standard IRMM-524a and an acid blank were 
processed in parallel with the samples in each batch 
of column chromatography for quality control.

Iron isotope analysis was performed on multi-
collector ICP-MS (MC-ICP-MS, Nu Plasma II, Nu 
Instruments Ltd., UK) coupled with a desolvating 
nebulizer system (Aridus II, Teledyne Cetac, USA), 
in high mass resolution mode with a mass resolving 
power  (Rp5,95%) of > 8000 at ion beam transmission 
of 10%. To correct instrumental mass bias, a strategy 
of standard-sample-standard bracketing was applied 
using IRMM-524a as the standard with a matched Fe 
concentration (500  ppb) and a matched acid molar-
ity (0.3 M  HNO3) to the samples. The results of Fe 
isotope analysis in samples were expressed using 
IRMM-014 as the standard (Dauphas et al. 2017), as 
IRMM-524a is the original material of IRMM-014:

Both δ56Fe and δ57Fe were analyzed to evaluate 
any possible mass-independent isotope fractionation 
during the analysis. In addition, signals of 53Cr were 
monitored in order to correct any possible interfer-
ence of 54Cr on 54Fe. Long-term external precision 
was achieved at 0.08‰ and 0.12‰ for δ56Fe and 

�
56Fe(‰) =

⎛⎜⎜⎜⎝

56Fesample
54Fesample

56FeIRMM−014

54FeIRMM−014

− 1

⎞⎟⎟⎟⎠
∗ 1000
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δ57Fe, respectively, based on two times the standard 
deviation (SD) of the δ56Fe and δ57Fe values of the 
repeated measurement of the IRMM-524a during the 
analytical sessions.

Data calculation, error propagation and statistics

The Fe concentration and isotope composition of soil 
and plant were given as the mean value of the three 
field replicates and the standard error (SE) of the 
mean, unless it was specifically stated.

The Fe isotope compositions of aboveground shoot 
(δ56Feshoot) and of the whole plant (δ56Fewhole plant) 
were calculated based on mass balance using:

where mi and ci were the dry biomass and the Fe con-
centration of plant organ i (root, stem, leaf, or ear), 
respectively.

The 2SD of the calculated Fe isotope composition 
of the aboveground shoot or the whole plant of indi-
vidual field replicate was computed as follows:

where mi and ci were the dry biomass and the Fe con-
centration of plant organ i (root, stem, leaf, or ear), 
respectively.

The apparent difference in Fe isotope composition 
in two Fe pools, A and B, such as Fe in the whole rice 
plant, Fe in the shoot, Fe in the Fe plaques, the plant-
available Fe, etc., were calculated using:

The 2SD of the apparent difference of Fe isotope 
compositions between two Fe pools A and B of indi-
vidual field replicates was computed as follows:

Statistical analyses and mathematic fittings were 
performed using OriginPro (Version 2019; Origin-
Lab 2019). The significance of differences in Fe con-
centration and isotope composition between samples 
from fields with two different ages of rice cultiva-
tion was assessed by performing two-sample t-test 

�
56Feshootorwholeplant =

��
�
56Fei ×

mici∑
mici

�

2SDshootorwholeplant =

�
��

2SDi ×
mici∑
mici

�2

Δ56FeA−B = �
56FeA − �

56FeB

2SDΔ56FeA−B
=

√(
2SD

�56FeA

)2
+
(
2SD

�56FeB

)2

following an F-test for testing equality of variances. 
Significance of differences was accepted at p < 0.05. 
If a significant difference accrued, we performed the 
least-significant-difference procedure.

Results

Iron concentration and isotope composition of the 
soil

The paddy soil profiles showed larger variation of 
the  Fe concentration through the profiles than their 
non-paddy counterparts (Fig.  SI1). In these drained 
soil profiles, we did not observe a difference in Fe 
concentrations in the surface soil (0–10 cm) between 
paddy and non-paddy fields. However, a smaller Fe 
concentration was found below the surface layer 
(10–50  cm) in P700, suggesting that prolonged 
paddy land-use promoted an Fe leaching from these 
horizons to deeper ones (50–100  cm), which thus 
showed larger Fe concentration than the non-paddy 
fields. Large heterogeneity regarding Fe concentra-
tion was observed among paddy field replicates, 
especially in deeper horizons, which we attribute 
to the illuviation and zonation of Fe in the subsoil. 
We thus did not continue to investigate changes in 
Fe pools across different soil horizons. Neverthe-
less, it seems that the decreased Fe concentration in 
soil horizons above 50  cm went along with a heav-
ier Fe isotope composition compared with the non-
paddy fields, and the increased Fe concentration 
in soil horizons 50–75  cm was accompanied with a 
lighter Fe isotope composition, although the differ-
ences were not significant due to large heterogeneity. 
Therefore, similar to Fe concentration, the variation 
of the δ56Fe values through the profile was larger 
in the paddy fields (Δ56Feprofile-paddy = 0.08‰ vs. 
Δ56Feprofile-non-paddy = 0.03‰, Fig. SI1).

In the water-logged topsoil (on average 0–20 cm), 
we found a linear decreasing trend in Fe concentra-
tion with increasing rice cultivation age (Fig.  1, 
Table SI1). The Fe concentration in the field P2000 
was the smallest  (FeP2000 = 20.8 ± 0.4 g  kg−1) and only 
two-third of that of the parent material (tidal wetland, 
 FeP0 = 30.1 ± 0.9 g  kg−1). Regression fitting suggested 
that, on average, each year of paddy management 
resulted in a loss of 5 mg Fe  kg−1 soil (5 g   kg−1 in 
1000  years; Fig.  1). Using an average bulk density 
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of 1.2 kg  dm−3 for the top 20 cm of soil (Kölbl et al. 
2014), this corresponds to an average Fe loss rate of 
12  kg Fe  ha−1   yr−1, and 24 000  kg Fe  ha−1 in total 
after 2000 years of paddy land-use (corresponding to 
33% of total Fe of the parent material).

Along with this Fe loss, the Fe isotope compo-
sition of the topsoil became increasingly heavier 
(Fig.  1). The δ56FeP2000 value was 0.11 ± 0.03‰ 
isotopically heavier than that of the parent material 
(δ56FeP0 = 0.06 ± 0.03‰). A linear fitting of the δ56Fe 
values suggested an Fe isotope fractionation of about 
0.06‰ per 1000 years of paddy management for an 
Fe loss rate of 12  kg Fe  ha−1   yr−1. In other words, 
at our study site with a parent material containing 
30.1 g  kg−1 Fe, to reach an Fe isotope fractionation of 
0.01‰, the soils must lose 2  kg−1 Fe  ha−1 or 2.7% of 
its Fe as a result of a redox oscillation and leaching. 
By contrast, long-term managed non-paddy soil had 
retained the Fe concentration and isotope composi-
tion of the parent material (Fig. 1). In this sense, our 
data support our first hypothesis that it seems possible 
to scale the duration of anthropogenic paddy land-use 
by Fe loss and related Fe isotope fractionation, or, 

vice versa, to use changes of the latter relative to the 
parent material to reconstruct paddy land-use ages.

Figure  2 shows that the loss of  Febulk along the 
rice cultivation coincided with a loss of Fe miner-
als, including short-range-ordered  (FeSRO) and crys-
talline Fe oxides  (Fecry.oxides). However, unlike bulk 
Fe, the losses of the Fe oxide fractions were not lin-
ear but followed exponential declines (Table  SI1). 
Noticeably, it seems that  Fecry.oxides still proceeded 
with the decline after 2000  years of paddy manage-
ment, while the decrease of  FeSRO levelled out after 
a millennium. In contrast to Fe oxides, the concentra-
tion of  Feexch.+org. increased significantly soon after 
paddy land-use, and continuously became larger fol-
lowing an exponential growth trend. By the time 
of sampling, the intensively managed paddy fields 
P2000 contained almost 200-fold of the  Feexch.+org. 
concentrations in P5 (1.805 ± 0.042  g   kg−1 vs. 
0.009 ± 0.001 g   kg−1). However, the extent to which 
 Feexch.+org. concentrations increased did not match 
the loss of  FeSRO and  Fecry.oxides along the paddy 
chronosequence, as the total amount of Fe extracted 
by the sequential extraction decreased in half from 

Fig. 1  Total Fe concentration ([Fe]) and isotope composition 
(δ56Fe) of the topsoil of the paddy chronosequence  (Febulk, rice 
cultivation time of 5, 50, 100, 300, 700, 1000, and 2000 years, 
respectively), of the topsoil of a non-paddy soil  (FeNP, adja-
cent to P700), and of a tidal wetland soil  (FeP0, adjacent to P5). 
Error bars represent the standard error of the mean of three 

filed replicates. The dotted lines are linear fittings of the  Fe 
concentration and the δ56Febulk values to the years of rice culti-
vation (t), respectively, with fitting equations and  R2 above the 
respective fitting line. Mathematic fitting results can be found 
in Table SI1
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9.8 ± 0.2 g  kg−1 to 4.6 ± 0.2 g  kg−1, which overall led 
to a loss of total Fe.

The  Feexch.+org. and  FeSRO pools are considered 
to be available to plants. They together can be 
extracted by diluted HCl that can be further used 
for the determination of its Fe isotope composition 

without risking isotope fractionation during the 
extraction (Wiederhold et  al. 2007). Clearly, the 
plant-available pool  (FeHCl) also followed an expo-
nential decline along the paddy ages with a decay 
constant close to that of  FeSRO (Fig. 3). Because of 
this exponential decline,  FeHCl had already lost one 

Fig. 2  Iron concentration of exchangeable and organically 
sorbed or bound  (Feexch.+org.), short-range-ordered Fe miner-
als  (FeSRO), crystalline Fe oxides  (Fecry.oxides), which were 
extracted sequentially, and free Fe oxides as the sum of  FeSRO 
and  Fecry.oxides  (Feoxides). Error bars represent the standard error 

of the mean of three filed replicates. The dotted lines are expo-
nential fittings of  the concentrations of  FeSRO,  Fecry.oxides and 
 Feoxides to the years of rice cultivation (t), respectively, with fit-
ting equations and  R2 following respective legend. Mathematic 
fitting results can be found in Table SI1

Fig. 3  Iron concentration 
and isotope composition 
of HCl-extractable Fe in 
the paddy chronosequence. 
Error bars represent the 
standard error of the mean 
of three filed replicates. The 
dotted lines are exponential 
fittings of the Fe concen-
trations and the δ56FeHCl 
values to the years of rice 
cultivation (t), respectively, 
with fitting equations and 
 R2 close to the respective 
fitting line. Mathematic 
fitting results can be found 
in Table SI1
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third of the total  FeHCl in the first hundreds of years 
after reclamation (≤ 300 years). Concomitantly, the 
δ56FeHCl values increased by 0.15‰. Along with 
the continuous rice cultivation, both concentration 
and isotope composition of  FeHCl tended to reach 
a steady state at about 3.8  g   kg−1 and −0.11‰, 
respectively. This is opposite to the changes in 
 Febulk, which continued to be lost after prolonged 
paddy land-use (> 300 years). Obviously, there was 
some neo-formation of plant-available  FeHCl despite 
ongoing Fe loss. In addition, the δ56FeHCl values 
were correlated with  FeHCl concentration (Fig. SI2, 
Pearson’s r = −0.91), indicating that the overall 
loss of 1 g  FeHCl from 1 kg soil would result in the 
δ56FeHCl value to increase by about 0.08‰, and 

this process was accomplished in the first hundreds 
years.

Iron concentration and isotope composition of rice 
plant

The Fe concentration of rice roots increased along 
with the paddy ages  (R2 = 0.73) and were consider-
ably larger than those of aboveground organs, which 
showed a similar concentration in different paddy 
fields (Fig.  4a). As a result, the Fe concentration in 
the whole plants increased with increasing duration 
of paddy management (Fig.  4b,  R2 = 0.90). In addi-
tion, both mean biomass and mean Fe content per 
rice plant increased linearly along the paddy ages 

Fig. 4  Iron concentration 
of the rice organs (a) and 
of the aboveground shoot 
and the whole plant (b). 
Error bars represent the 
standard error of the mean 
of three filed replicates. 
The black dotted lines are 
linear fittings of the Fe 
concentrations of the root 
and the whole rice plant to 
the years of rice cultivation 
(t), respectively, with fitting 
equations and  R2 close to 
the respective fitting line. 
Mathematic fitting results 
can be found in Table SI1. 
The grayish solid lines are 
present to ease the identifi-
cation of data of the same 
organs along the years of 
rice cultivation, for which 
no consistent trends were 
found
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(Fig. SI4). In this regard, Fe concentrations in the rice 
plant behaved almost oppositely to those in the plant-
available  FeHCl pool (Fig. 3).

The Fe isotope composition of rice roots (δ56Feroot) 
ranged between 0.04 ± 0.00‰ to 0.22 ± 0.02‰ (the 
mean and its standard error (SE, same below) of three 
field replicates, Fig.  5a), similar or slightly heavier 
than the δ56Febulk values (Fig.  1), but significantly 
heavier than the δ56FeHCl values (Fig.  3) in respec-
tive paddy fields. The aboveground organs were all 
enriched in light Fe isotopes, with the  δ56Fe val-
ues ranging from −0.45 ± 0.03‰ to −0.07 ± 0.01‰ 
(the mean and its SE of three field replicates). 
These values, except for those of leaves, showed lit-
tle, if any, consistent trends along the ages of paddy 

management. The Fe isotope composition of the 
whole rice plants seemed to follow an exponential 
trend, which increased rapidly after paddy land-use 
and then remained similar within uncertainty, with an 
average δ56Fe value of 0.01 ± 0.07‰ cross all fields 
(Fig. 5b). On the other hand, we did not find any con-
sistent trend for the δ56Fe values of the shoots.

The δ56Feplaque values were all heavier than all the 
soil and plant samples, ranging from 0.08 ± 0.03‰ to 
0.66 ± 0.03‰ (the mean and its SE of three field rep-
licates, Fig. 6). Even though we did not find any trend 
for the δ56Feplaque values along the age of paddy fields, 
we observed a close relation between the δ56Feplaque 
and the δ56Fewhole plant or the  δ56Feroot values (Pear-
son’s r = 0.97, and 0.66, respectively). Yet, similar 

Fig. 5  Iron isotope com-
position of the rice organs 
(a) and of the aboveground 
shoot and the whole plant 
(b). Error bars represent the 
standard error of the mean 
of three filed replicates. 
The black dotted lines are 
exponential fittings of the 
δ56Fe values of the leaf and 
the whole rice plant to the 
years of rice cultivation (t), 
respectively, with fitting 
equations and  R2 close to 
the respective fitting line. 
Mathematic fitting results 
can be found in Table SI1. 
The grayish solid lines are 
present to ease the identifi-
cation of data of the same 
organs along the years of 
rice cultivation, for which 
no consistent trends were 
found
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relation was not observed between  the δ56Fewhole plant 
or the δ56Feroot and the δ56FeHCl values (Fig. SI3), sug-
gesting that the Fe plaques, rather than the plant-avail-
able Fe pool in soil, might have directly contributed to 
the uptake of Fe in rice. In this sense, testing our sec-
ond aim showed that the Fe isotope composition of rice 
plants resembles that of Fe plaques but not that of soil, 
irrespective to the duration of paddy soil management.

Discussion

Iron dynamics in the paddy chronosequence

In paddy soils, Fe cycling is controlled by the redox 
potential variation, which plays an important role 
in the functioning of the system. Iron transforma-
tion and translocation, as well as the accrual of soil 
organic matter (SOM; Kalbitz et  al. 2013; Kögel-
Knabner et al. 2010; Kölbl et al. 2014), as a result of 
paddy management, lead to characteristic paddy pro-
files. When flooded, structural Fe in clay minerals is 
released by microbial utilization of DOM as electron 
donors (e.g., Li et al. 2004), and then transformed to 
ferrihydrites via aqueous organic Fe(III) complexes 
(Suetsugu et al. 2005). Repeated redox cycles promote 
a redistribution of Fe oxides in soil profiles (Wissing 
et al. 2013, 2014; Zhang and Gong 2003) and crystal-
linity (Kölbl et al. 2014; Thompson et al. 2006).

With prolonged ages of paddy soil management, dis-
solution and subsequent eluviation of Fe upon reduction 
is enhanced with downward leaching and successive re-
precipitation, forming an Fe-enriched illuvial horizon 
at depth, as shown in the Fe concentration profiles of 
the two paddy fields (Fig.  SI1). The illuvial horizon 
exhibits a lighter Fe isotope composition than the elu-
vial horizon (Fig. SI1; see also Huang et al. 2018). The 
topsoil, however, may progressively lose Fe if the Fe 
influx through irrigation or return of rice straws cannot 
compensate Fe leaching and lateral drainage. Indeed, 
in our paddy chronosequence, Fe concentration in top-
soil decreased along the paddy ages. After 2000 years 
of paddy land-use, Fe concentration in topsoil was only 
two-third of that in its parent material (Fig. 1).

The loss of Fe concentration from topsoil 
affected Fe oxides with all crystallinities, thus 
reflecting that redox potential were low enough to 
dissolve all Fe oxides. This is contrast to previ-
ous findings by Cheng et  al. (2009) and Wissing 
et  al. (2013), where no systematic trend for free 
Fe oxides in the chronosequence was found. Also, 
Huang et  al. (2018) revealed a decrease in oxide 
bound Fe, but the extent and rate of the decline 
was not as extensive as our results. We attribute 
these differences to the time of sampling: in these 
cited studies the soil was sampled while drained, 
while here we sampled the soil under submerged 
conditions. Hence, there was also likely a seasonal 
dynamics of Fe, with parts of the Fe lost being 

Fig. 6  Iron isotope com-
position of the rice root and 
the whole plant in relation 
with that of the Fe plaques. 
The dotted lines are the lin-
ear fittings of the δ56Feroot 
and the δ56Fewhole plant 
values to corresponding 
δ56Feplaque values with 
Pearson’s r = 0.66 and 0.97, 
respectively, with fitting 
equations and  R2 close to 
the respective fitting line. 
Mathematic fitting results 
can be found in Table SI1
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replaced by residue return or capillary rise during 
the dry periods.

As paddy management prolonged (> 300  years), 
the decline in Fe had already occurred to an extent 
that Fe isotope composition of the bulk topsoil 
became progressively heavier as a collective result 
of preferential dissolution and subsequent removal 
of light Fe isotopes as  Fe2+ and organic Fe(III) com-
plexes. In addition, while the  Fecry.oxides continuously 
declined, the  FeSRO reached a rather steady-state 
(Fig. 2), thus supporting the idea of a profound con-
sumption and transformation from crystalline Fe 
oxides to those with less crystallinity under anaero-
bic conditions. On the other hand, the rate of crystal-
lization of Fe oxides from the newly formed  FeSRO 
was insufficiently fast, so that  Fecry.oxides was further 
depleted in older paddy fields. This observation con-
tradicts previous findings that the crystallinity of Fe 
oxides increases upon redox oscillations on short-
time scale as shown by Thompson et al. (2006). We 
attribute this difference to the fact that the two inves-
tigated systems are distinct in three main aspects: 1) 
our paddy fields experienced considerably longer 
redox oscillations (millennium vs. days), 2) the stud-
ied paddy topsoils are open systems where continu-
ous Fe exchanges between environmental compart-
ments due to e.g., leaching, uptake by rice plants 
take place, and 3) the life cycles of rice plants and 
the contribution of organically associated Fe to the 
Fe dynamic are absent in Thompson et  al. (2006). 
We conclude that Fe dynamics under long-term field 
conditions likely differ from those in short-term soil 
incubation experiments, and that the effects of plants 
on soil Fe cycles cannot be neglected. Repeated resi-
due return likely contributed to the rise of  Feexch.+org. 
pool, either because they contained Fe, or because 
they additionally served as bonding partner simi-
lar to inherent SOM for dissolved Fe. Similarly, 
increased concentrations of dissolved organic car-
bon (Kölbl et al. 2014) co-precipitated with Fe(III), 
mostly with  FeSRO such as ferrihydrites (Suetsugu 
et  al. 2005), thus additionally promoting the accu-
mulation of organically bound/sorbed Fe.

Plant-available Fe and the Fe source of rice

Plant-available Fe pool consists of water-soluble, 
exchangeable, organically bound/sorbed Fe and  FeSRO 
 (FeHCl, Guelke et al. 2010; Wiederhold et al. 2007). In 

our study,  FeHCl thus equals to the sum of  Feexch.+org. 
and  FeSRO. Indeed,  Feexch.+org. and  FeSRO recovered 
almost the entire  FeHCl pool (96 ± 3%), the remaining 
difference reflecting operational and analytical errors. 
Within the  FeHCl pool, the contribution of  Feexch.+org. 
became increasingly important, as Fe that had been 
taken up by crops was intensively recycled in the top-
soil and residue return provided a growing number of 
bonding positions for the dissolved Fe.

The linear relation between the decreased  FeHCl con-
centration and the  increased δ56FeHCl values (Fig.  3) 
reflects an observable response of Fe isotope composi-
tion to the changes of not only the pool size, but also 
of Fe species in this pool, which were accompanied 
by losses of light Fe with repeated flooding, harvest-
ing and leaching. As these losses of Fe always occur, 
 FeHCl must have been replenished to reach steady state 
as observed. This replenishment should also have hap-
pened when  FeHCl was still depleting from the topsoil, as 
neo-formation of  FeSRO took place whenever water was 
drained and accumulation of  Feexch.+org. occurred along 
the paddy land-use. In this sense, their formation and 
accumulation with a relatively heavier δ56Fe values also 
contributed to the trend that the δ56FeHCl values became 
heavier. In other words, the majority of the pristine  FeHCl 
pool was likely gradually replaced by isotopically heav-
ier newly-formed  FeSRO and  Feexch.+org. before reaching 
the steady state. Afterwards, the  FeHCl pool was in equi-
librium between depletion and replenishment, and the 
Fe leaving and entering the  FeHCl pool was in a similar 
amount and exhibited similar Fe isotope composition.

The changes (losses) of the plant-available Fe did 
not impact the growth of the rice plants, as an increase 
in both mean biomass and Fe content was observed 
in rice plants with increased duration of paddy land-
use (Fig.  SI4) and the Fe isotope composition of 
rice was independent on that of the plant-available 
Fe (Fig. SI3). In the P5 field, mean biomass was the 
smallest and Fe concentration was the largest, presum-
ably reflecting resistance to the  high salinity shortly 
after reclamation. As a rapid desalinization took place 
in the first few decades (Chen et al. 2011), rice growth 
in older fields was improved rapidly, suggesting a 
higher Fe use efficiency with increases in paddy ages. 
However, the increased Fe content was mainly attrib-
uted to the rice roots, reflecting plants’ homeostasis by 
Fe retention in the roots (Aung and Masuda 2020). As 
a result, the majority of Fe in rice retained in the paddy 
fields and recycled as a part of the plant-available Fe.
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At our study sites, the Fe supply in soil was suf-
ficient for plant growth. Without Fe deficiency, rice in 
these fields will likely not utilize strategy II to obtain 
Fe from soil, as they can directly acquire Fe(II) dis-
solved in the  soil water (Kobayashi and Nishizawa 
2012). This process should lead to a light isotopic Fe 
signature in plants, as paddy soil water was charac-
terized by a very light Fe isotope composition (e.g., 
−0.80 to −3.40‰ in the study of Garnier et al. 2017). 
However, the δ56Fe values of our rice plants were 
close to 0‰ (Fig. 5b), indicating that a different Fe 
pool served at least partially as the Fe source, and that 
this pool was not the isotopically light plant-available 
Fe pool in soil either, as the latter did not correlate 
with δ56Fewhole plant values (Fig.  SI3). Yet, the rice 
roots were covered by a layer of the Fe plaques due 
to oxygen release by rice roots into the rhizosphere 
(Kirk et  al. 1990). These Fe plaques exhibited as a 
barrier between the rice roots and the dissolved Fe(II) 
(Becker and Asch 2005), depending on how dense 
they were formed on the root surface. The Fe source 
of the plants may thus be supplemented by Fe from 
the plaques, as proposed by Garnier et al. (2017) and 
Chen et al. (2021). As the Fe plaques are Fe oxides, 
the chelation strategy via phytosiderophores (PS) is 
needed for rice to acquire Fe, leading to the rice plant 
displaying heavier Fe isotope composition compared 
with that if direct uptake from the aqueous Fe(II) took 
place (Wu et al. 2019). Here, the δ56Fe values of the 
Fe plaques were heavier than those of rice but also 
in correlation with the latter, suggesting that the  Fe 
plaques played an major role in the uptake, and dur-
ing the uptake there was either an isotope fractiona-
tion induced by chelation and transformation from 
Fe oxides to Fe complex in the roots or a combina-
tion of chelation strategy and direct uptake of  Fe2+, 
or both. The latter may be a result of reduction of 
the Fe plaques by Fe-reducing microorganisms such 
as Geobacter that are abundant in the rhizosphere of 
rice (Wang and Liu 1992). However, we did not find 
a constant difference in isotope composition between 
respective δ56Feroot or δ56Fewhole plant and δ56Feplaque 
values along the chronosequence, suggesting that 
the uptake-derived isotope fractionation may likely 
depend on local conditions that differ among the 
fields. These conditions can be, among others, Fe spe-
cies in the Fe plaques, rice variety, and the structures 
and activities of the microorganism community in the 
rhizosphere that may impact the uptake.

Conclusion

Our present study showed that long-term paddy soil 
management resulted in significant variation of Fe 
isotope composition. The respective changes in the 
Fe isotope composition in soil occurred at a millen-
nium scale, while internal changes and transforma-
tion among soil Fe pools took place already within 
decades of paddy use. As the duration of paddy man-
agement proceeded, Fe in topsoil was not only partly 
lost but also re-distributed from crystalline Fe oxide 
pools to organically sorbed/bound Fe, reflecting an 
enhanced coupling of the Fe nutrient cycle to that of 
soil organic carbon. The organically associated Fe 
complexes played an increasingly important role in 
releasing Fe(II) to soil solution, which was then re-
precipitated as Fe plaques on the rice root surface, 
and finally acquired by the plants. Overall, our study 
demonstrated that anthropogenic activities such as 
long-term paddy management have impacted the ter-
restrial Fe cycle by altering the abiotic and biotic pro-
cesses that have left a fingerprint in the ecosystem.
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