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Sediment acidification on Majuro Atoll
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Soil acidification often occurs due to various factors such as NO, and SO, from anthropogenic combustion
substances. In the process of rock weathering or nitrification, protons are also released which causes soil
acidification. It is difficult to evaluate each factor independently in industrial countries, since the many
factors are affected one another, which makes it difficult to evaluate each factor. On the other hand, it is
relatively easy to discuss anthropogenic impacts and natural effects independently in the case of atoll,
since atoll sediments are composed of bio-clastic sand such as foraminifera and coral that are made from
calcium carbonate (CaCO,), which exhibits simpler composition compared with other areas with more
heterogeneous geology. Here, we investigated the degrees of acidity in Majuro Atoll, one of the atolls of
Marshall Islands. In Majuro Atoll, human residence has lasted for about 2000 years, which is the longest
history among atolls around the world (Yamaguchi et al., 2005, 2009). However, the traditional life style in
the atoll has changed and more industrial products such as motor vehicles have been used after 20th
century.

In this study, we focused on factors which have a possibility to change surface environment of reef islands
in atoll in terms of both artificial and natural factors. We evaluated the correlation between the elements
contained in the sediment and sediment pH at different depths. We also examined the mechanism to
acidify the pH of the sediment.

Samples were taken at different depth of the sediments in both inland area and ocean side of each reef
island which are named as Laura, Calalen, and Jelto. All the surface layers are black-colored and
well-vegetated. The grain size is medium to fine sand.

We examined concentrations of major elements such as calcium (Ca) and magnesium (Mg) by XRF.
Concentration of inorganic ions (NO;/, 5042', and NH4+) were measured by ion chromatography and
absorption spectrophotometry, respectively. Concentration of organic acid was calculated by pH titration.
Mineral composition of foraminifera, which is the main component of the sediment was examined by XRD.
Porosity of foraminifera were calculated using X-ray micro-Computed Tomography (u-CT) and Image J.
Stable isotope of nitrogen (**N and "°N) and triple oxygen isotopes (*°0, "0, and '®0) in nitrate contained
in the sediment were measured by the denitrifier method (Hattori et al., 2016) to identify the origin of the
nitrate. '>C solid state Nuclear Magnetic Resonance (NMR) spectroscopy were used to identify the organic
matter which was concentrated in the upper layer.

As a result, sediment pH decreased near the surface layer and the concentration of Mg decreased.
Mg-calcite fraction to total CaCO, (calcite + magnesian calcite (Mg-calcite)) of foraminifera also
decreased near the surface. In contrast, the porosity of foraminifera, concentrations of NO;, NH4+, TOC,
and organic acid increased in the upper layer, whereas concentration of SO42' fluctuated and especially
became higher in the lower layer which is close to the water-table. Therefore, 8042' may be originated
from seawater, which did not induce acidification of the sediment. According to NMR analysis, organic
matter enriched in the upper layer was identified as fulvic acid. Both the concentrations of nitrate and
organic acid as fulvic acid had high correlation with sediment pH in the range from pH 7.5 to 8.0.
Therefore, it is considered that both factors contribute to the acidification and dissolution of foraminifera
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test in the upper layer. From the analysis of the stable isotopes, the average of A'’O was close to 0%, over
all the areas, which suggested that nitrate was produced by bacterial activities. Therefore, we can
conclude that highly concentrated nitrate produced during the excess nitrification and subsequent
release of proton during the process should be the main factor to acidify the sediments on Majuro Atoll.
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Comparison of recalcitrant dissolved organic matter produced by
three model marine bacterial strains
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AMLAVR, (3) JNA—RERMLEBWVWEK, (4) HEHRERMLAVWVEERARELL, 250 MLEDOR) TF
Ly L 27%L— KR MNUTHER - 25CTI1-2BRAEEL, S8RIO=REOY TH VT ) v %757, &k
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BEHXFEE. DOMO=RITTHIEANRY MLVERINZARY ML ESHT LT,

BEARKRRERER. 3SEOMEKICKST. BEVHOIFARIORK, HEINRLINTILERF
L. BERTRECKELEEHIIRL >/, ThiE. FILI—RDEER. MEBEREDOMIEELLZI EER
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ENERDZAREMENRBI N, BEAOEMICE T EZRTENAARY MVICIFBRELBEXE—JIZRSH
RO, EEEZRDODOMDIRITTHAANRY MUICIEIEOMBEKRE CHBMARAE—IFRES N, L
ML, ERSNTEEAE—IDHEE—JMEBIIIHETREL>THY., RDOMEEEZ HLNT W\ 5 EERKRE
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Quantifying nitrogen cycling rate in streams water by using triple
oxygen isotopes as tracers
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inorganic nitrogen and the spiraling metrics in the river
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Spiraling metrics are important for the better understanding of the biogeochemical processes in rivers,
although it is quite demanding to measure these parameters. We explore the possibility to use the natural
abundance of 15N and d180 of inorganic nitrogen (ammonium, nitrate and occasionally nitrite) as a
proxy of the spiraling metrics. We measured concentrations and isotopes ratios of ammonium, nitrate and
nitrite in a reach of Fuji River to figure out how concentrations and isotope ratios of these inorganic
nitrogen can change according to their spiraling. We continuously collected water samples in the reach of
ca. 6.5 km in the Fuji River by directly tracking a specific parcel of water following the longitudinal
Lagrangian approach in June, October, November and December of 2015. We found significant inverse
correlations between ammonium concentrations and d15N of ammonium in all sampling periods,
implying that ammonium was removed by nitrification and assimilation. The d15N of nitrite measured in
December were lower than both d15N of ammonium and nitrate, suggesting the inverse isotopic
fractionation during nitrite oxidation in the nitrification. Both concentrations and d15N of nitrate
significantly increased with the distance in all sampling periods, indicating the consumption of nitrate in
parallel with nitrification. We will present more data collected from different rivers to explore the
usefulness of isotope ratios as proxies of the spiraling metrics in the presentation.

F—T— R HIERR, BREZER RERAEF
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High concentrations of phosphate in streams of hilly areas, which
stimulate high primary production by benthic algae on pond soils
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Phosphate is an essential mineral nutrient for all life forms. However, little phosphate is present in river
waters, because it is strongly adsorbed on particulates such as oxides and hydroxides of iron and
aluminum. Wakamatsu et al. (2006) reported low concentrations of phosphate in many headwater
streams in Japan, which was presumed to vary depending on geological features. Here, we report high
concentrations of phosphate in streams of hilly areas, which are created through a topographical feature
of hilly areas. The reduction of Fe under humid soils resulted in the release of phosphate, which could act
as a prime source of phosphate in a watershed. Moreover, we report an occurrence of significant primary
production by benthic algae on sediments of a shallow pond, which may be stimulated by phosphate
released from sediments.

F—U—R: Uy, B —REE. AL BT
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Climate change caused by the increasing of greenhouse gases (GHGs) in the atmosphere is the major
problem of the 21° century. Methane (CH,) is one of the powerful GHGs. Freshwater ecosystems (i.e.,
lakes and ponds) are recently identified as one of the most important natural sources of atmospheric CH,
, accounting for 18% of total annual CH, emission to the atmosphere. It has long been believed that CH,
is mainly produced by CH,-producing archaea (i.e., methanogens) in anaerobic lake sediments. However,
our laboratory recently revealed the novel CH, production by photosynthetic microorganisms (i.e.,
cyanobacteria) in aerobic lake waters. Similar findings also confirmed that the planktonic microbes in the
North Pacific subtropical Gyre have C-P lyase that cleaves the C-P bond of methylphosphonic acid (MPn)
and produce methane aerobically as a byproduct of MPn decomposition. However, the pathways and
organisms responsible for the aerobic methane production in freshwater ecosystems are still unknown.
The ability of CH, production by freshwater organisms was examined for ten axenic planktonic microbes
by three batch-culture experiments (Experiment 1, 2 & 3). In Experiment 1, to confirm the ability of
aerobic methane production ability by planktonic microbes, we compared the CH, production of
P-starved microbes between inorganic phosphorus (P) and MPn addition treatments. In Experiment 2, to
identify the enzymatic reaction of aerobic methane production, we measured the CH, production of
P-starved microbes for various phosphonate addtition treatments (MPn, EPn, 2-AEPn and DMMPn).
Finally, in Experiment 3, inorganic nitrogen (N) and P, was added with MPn to identify the effects of
nutrient stoichiometry on aerobic methane production by planktonic microbes. In Experiment 1, the
aerobic methane production was observed only in the MPn-add treatment for all microbes, while there
was no CH, production in control and Pi-add treatments. Therefore, it is confirmed that the most
planktonic microbes are able to decompose MPn to produce CH, under Pi-starved condition. Experiment
2 also revealed that the test organisms are able to cleave the C-P bond of MPn as a substitute for P,
thereby producing CH, or C,H, gases. However, the Protein BLAST search revealed that the test
organisms have no C-P lyase (phn) genes, implying that different enzymes may function for the
degradation of phosphonates. Therefore, further biochemical and proteomic analyses are necessary to
identify the metabolic pathway. Finally, the effect of nutrient stoichiometry on CH, production was
confirmed in Experiment 3. In particular, CH, production rate was accelerated in the MPn+N-addition
treatment, indicating that N availability controls the MPn decomposition.

The present study revealed that the planktonic microbes have the ability to produce CH, aerobically by
cleaving the C-P bond of phosphonates, whereas N availability increases CH, production. Therefore, the
hitherto unknown CH, production by planktonic microbes in aerobic freshwater ecosystems represents a
contemporary fact to amend the global CH, budget.

F—T— R FIMEASVER. T MUBEY. RKERR. XA FIRRRVE
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Arsenic is released from anaerobic sediments into groundwater as As(lll) (arsenite), which threatens the
health of millions of people in southern Asia. It is widely accepted that certain anaerobic bacteria, such as
dissimilatory iron-reducing bacteria and dissimilatory As(V) (arsenate)-reducing bacteria, play important
roles in arsenic release in nature. Although respiratory arsenate reductase genes (arrA) closely related
with Geobacter species have been detected frequently in arsenic-rich sediments, it is still unclear whether
they directly participate in arsenic release, mainly due to lack of pure cultures capable of arsenate
reduction. Previously, we isolated Geobacter sp. OR-1 from Japanese paddy soil. Strain OR-1 also utilized
soluble Fe(lll) and ferrihydrite as electron acceptors, and catalyzed dissolution of arsenic from
arsenate-adsorbed ferrihydrite. Furthermore, inoculation of strain OR-1 into sterilized paddy soil
successfully restored arsenic release. In this study, we analyzed draft genome sequence of strain OR-1,
and found two distinct “arsenic islands” , the genomic regions highly enriched with arsenic-metabolizing
genes. One consisted of arrAB, and they are also flanked with genes for arsenic resistance (arsADR and
acr3) Another island consisted mainly of genes for arsenic resistance including that for a detoxifying
arsenate reductase ArsC. Transcriptional analysis revealed that most of these genes were expressed
specifically in the presence of arsenic, and that the expression of arrA was more than 30 times higher in
the presence of arsenic. Comprehensive proteomic analysis by means of 1D SDS-PAGE and LC-MS/MS
showed that not only arsenic-metabolizing proteins but also those involved in oxidative stress response,
protein folding, molecular chaperones, phosphate uptake, and sulfur metabolism were expressed
cooperatively in the presence of arsenic. Our results shed light on how microbes cope with this toxic
metalloid, and play an important role in the biogeochemical cycling of arsenic.

F—U—NK: bk WEW T/ L8R EBET. BEEHENT. SOT A4 —L8BT
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analysis
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Thermophilic microbial communities are potent model systems for ecological and evolutionary analysis in
ecosystems. One important physical component related to evolutionary and ecological dynamics in these
systems is the availability of fixed nitrogen, which can only be acquired from the atmosphere (from N,) by
the action of nitrogenase, an enzyme which might have emerged as early as 3.5 billion years ago.
Molecular based studies have suggested a distribution of nitrogen-fixing bacteria and archaea in
hydrothermal vents and geothermal springs, however, the activities and ecological consequences of these
metabolisms are poorly understood. Here, we detected and characterized nitrogen-fixing activity of
chemosynthetic microbial communities developed at 74°C at sulfidic and slightly alkaline hot spring
water.

N,-fixation (nitrogenase activity) was determined using the acetylene reduction assay. Collected microbial
communities were incubated in hot spring water in a sealed vial in situ or at 70°C in the laboratory.
Nitrogenase activities were detected in conditions where moderate amounts of methane were produced,
but not detected under conditions where methane production was at the observed maximum or
minimum. These results suggest that nitrogen fixation occurs within a limited range of redox levels in the
communities.

Addition of molybdate, an inhibitor of anaerobic sulfur metabolisms which have sulfite as an intermediate
(e.g. sulfate reduction, and sulfur disproportionation), inhibited the nitrogenase activity of the
communities. Dispersion of cell aggregates of the communities also decreased the nitrogenase activity,
but the activity was partially recovered by amendment with H, and CO,. These suggest that the
nitrogenase activity in the communities is coupled with hydrogen-autotrophic and anaerobic sulfur
metabolisms. In addition, cell aggregation may contribute to efficient interactions which support the
currently unknown N_-fixing microbe(s).

Taken together, our findings provide new insight into the ecological contributions of anoxic sulfur
metabolisms in chemosynthetic thermophilic microbial communities.

F—U— K ZREE. REALH FRE. BR
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Phosphorus (P) is a major limiting nutrient controlling primary productivity in terrestrial ecosystems
especially on highly-weathered soils. It was recently suggested that P depletion during soil weathering
may also control long-term ecosystem evolution and plant species diversity. However, the connection
between soil P forms and availability, forest productivity, and other ecosystem properties remains
uncertain. The stock and chemical forms of soil P in ecosystem development is a fundamental issue
because it affects plant and microbial strategies for acquiring P.

Here we examined how climate and parent materials control soil P in tropical rainforest ecosystems on Mt.
Kinabalu, northeastern Borneo. We selected the sites developed on two chemically-contrasting rock types
(ultramafic igneous and acidic sedimentary rocks) along an elevation gradients. We will present the results
of soil P concentration (relative to C and N) as well as P forms assessed by liquid-state 31P NMR
spectroscopy using NaOH/EDTA extracts.

Keywords: Phosphorus, 31P liquid-state NMR spectroscopy, Tropical forest ecosystems, Biogeochemical
cycling, Ultramafic rock
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Elemental and mineralogical diversity of serpentine soils in East Asia
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Development of global dataset of soil clay minerals for biogeochemical
studies
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Clay minerals play important roles in terrestrial biogeochemistry and atmospheric physics, but their data
have been only partially compiled at global scale. We present a comprehensive global dataset of clay
minerals in the topsoil and subsoil at different spatial resolutions. The data of soil clay mineral
composition were gathered through a literature survey and aggregated by soil orders of the Soil Taxonomy
for each of the nine clay mineral groups: chlorite, gibbsite, kaolinite, mica/illite/mica, quartz, smectite,
vermiculite, non-crystalline, iron oxide, and others. Using a global soil map, a global dataset of soil clay
minerals distribution was developed at resolutions of 2' to 2° grid cells. The data uncertainty associated
with data variability and assumption was evaluated using a Monte Carlo method, and validity of the clay
mineral distribution obtained in this study was examined by comparing with other datasets. The global
soil clay data offer spatially explicit studies on terrestrial biogeochemical cycles, dust emission to the
atmosphere, and other interdisciplinary earth sciences.

F—U— R MLY%, TiE

Keywords: Clay mineral, Soil

©2017. Japan Geoscience Union. All Right Reserved. -MIS19-12 -



MIS19-13 JpGU-AGU Joint Meeting 2017

Probing the Future: Response of Soil Organic Carbon and Nitrogen
dynamics to elevated CO, in a paddy field
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Rice is the staple food for approximatively half of people on Earth and, because of the projected increase
in the world population, the sustainability of paddy fields ecosystems is of great importance. Continuous
increase in atmospheric CO, concentration is likely to alter rice ecosystems productivity directly via
photosynthesis or indirectly via global climate change. Less is known for how elevated CO, (eCO,) affect
soil C pool which is linked to soil N availability and long-term soil fertility. Free Air CO, Experiments
(FACE) give an opportunity to simulates future atmospheric CO, concentrations in open-field environment
by maintaining an elevated CO, concentration throughout the field. Here we report results from a rice
paddy FACE at Tsukuba, Ibaraki started in 2070. We examined how the eCO, altered soil C and N stocks
as well as the fate of rice-derived C over a four year period.. We analyzed surface (Ap) horizon samples
from 2010, 2012 and 2014 and determined their C and N contents. The soils were fractionated into three
density fractions (i.e. free light fraction, occluded light fraction and heavy fraction) that correspond to soil
organic matter pools with different degrees of decomposition state and mineral association. The free light
fraction corresponds to relatively recent plant residues which were not extensively decomposed by soil
microorganisms. The occluded light fraction is composed of organic matter that was entrapped in soil
aggregates. This organic matter is physically entrapped into soil aggregates. The heavy fraction is enriched
in mineral particles and the organic matter present in this fraction is associated with mineral particles and
underwent more pronounced microbial transformation. Because the CO, added in this experiment
derived from fossil C, its carbon isotopic signature differed from natural atmospheric CO,. This isotopic
signature allowed us to track the flow of photosynthesized C into different soil organic matter pools and to
estimate mean residence time of C in each fraction.

Both soil C and N contents progressively decreased over the four year period due presumably to a shift in
management (i.e. removal of rice straw form the field since 2010). It is worth mentioning that this
decrease in soil organic matter was 25% more pronounced in the control plot compared to the plot
exposed to eCO,, suggesting that eCO, significantly enhanced organic matter input to the soil. The
decrease in N contents was not as pronounced relative to C, leading to an increase in C:N ratios. The
higher C:N ratios of soil and plant observed are likely to promote N immobilization by soil microbial
community, which might lowered N availability for rice.

Further soil analysis using stable isotopes measurements revealed that, after four years, significant
proportions of original soil C were replaced with recent C at different degrees among the three soil
density fractions. The mean residence time of C was on average 6.5, 120 and 56 years in free light
fraction, occluded light fraction and heavy fraction, respectively. About 60% of soil organic matter was
distributed in the heavy fraction and the relatively rapid turnover of C in this fraction was not expected.
The heavy fraction contains the organic matter bound with mineral particles, which is more stable into the
soil. We found that, after four years, about 7% of the C in the heavy fraction was originating from C
assimilated by rice plants since 2010.

The relatively rapid incorporation of newly added carbon into the heavy fraction and the higher soil C
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contents measured under eCO, suggest that the soil may be acting as a C sink under the open-field eCO,
conditions. As it corresponds to a negative feedback for the rise in atmospheric CO, concentration,
further research investigating this process are necessary.

Keywords: Soil, C and N cycling, Free Air CO2 Experiment (FACE), Density fractionation, 13C, Climate
change
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Heterogeneity of organo-mineral particles within submicron aggregate
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Soil organic matter (SOM) accounts for a major portion of terrestrial C and is considered to be stabilized
against microbial degradation due partly to its interaction with soil minerals. These organo-mineral
interactions contribute to the formation of heterogeneous organo-mineral aggregate at various space
scales down to submicron level. Many early studies showed hierarchical structure of organo-mineral
aggregates that are bound together by various binding agents. Yet how organic compounds of microbial
and plant origins interact with mineral phases within soil aggregate structure at the spatial scale relevant
to microbial extracellular enzymes (tens of nanometers) remain unclear.

Here we focused on the sonication-resistant organo-mineral aggregates that are enriched in organic
matter (OM) collected by particle size fractionation from four soil types of contrasting minerology. We
hypothesize that spatial variation of C, Fe and Al and it s chemical composition differ among the soil
types due to the differences in the mode of organo-mineral associations.

We compare top soils (A horizon) from four soil types: allophanic Andisol, non-allophanic Andisol,
Mollisol, Ultisol. The recovered particle size fractions are observed by scanning transmission X-ray
microscopy (STXM) and near-edge X-ray absorption fine structure (NEXAFS). We will discuss common
patterns and differences based on the mapping of these elements as well as that of carbon chemical
composition among the four soils.

F—TU— R 1EEAK. TERAEY. ARERBEER. STXM. KFRREL
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0341 JLCrocodylus niloticus%zBr< 12 kgild EDFRE% £ D KBEMA MR L - & HE I TWLS (Burney
and MacPhee, 1988) . ZD#BERE L Tid. AREE (BLEICK 2BGFEHRORD. KOFEAICK2ERM
OfE/N) PIRIEEL (81, BYEELICK Z2ERE - BIRIEDOEL) EOFREATEBINTWS (Burney
et al., 2004, Crowley, 2010) ., ¥ ¥ AR AILEAEERICH W TIXEYE D DEILEFER & KELENYIHE D #Eim B
HN—HT 3 &ENB (Geoffrey Clark, #AfE) A EEDRERBERIZEE SN TIEAL,
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TIFELARD > ENRARICK UBAS AR >z, RETERMIALIE. TaolambibyT
1£-18.9--19.7%0. AmbolisatraTl&-17.2--17.9%0. ltampoloTE-12.7--14.8%DE&H %R L
7=. Taolambibyn* 5 R IC#20kmBf 7-Beza MahafalylC £ B3 2 IRECIEM DR FR ER LKL % BIE
L. #MZCIEMREMDILAETDORAAMELLD FAEEEGTELE I 5#-31--17%Tdh > 7= (Crowley et al.,
2011) , AL AEET &, CABHBRS L VEVWRRLZERAMALL A RT EFEINE, 2DF
Bl & AFRDER E A LLERT % &, Taolambiby, AmbolisatraTIZC3HE¥ R, Itampolo TIZCAEMERZ Y
THY. A—HETIEC3 - CAEMBICEFNRE 21T E S *CHICENE LA LI ENHALHE
ofz, A$HIE2300 cal BPEEY Y HRAIILEREEICEFELEEINTHY (Burneyetal,2004) . Y& H
ZAHIEEETDH/NOHERHEENE1250-950 cal BPEHEINT WS (Geoffrey Clark, #A5) . 1A
T. AmbolisatraD#FEMHICR SN B TEMEHELN S, Z OHIK THEYHEH 1250 cal BPEEAFICHE LI &
MRESINTWS (Geoffrey Clark, #AE) » L7=d'>T. 2600-1100 cal BPORE., b B ABNBEANEE
LTHOLANDMRT 2ERE T, MBOMEHOAXBRELEENRI >LICENIDLLT, BT —4F Y ORAMK
HRICRMEND L IDBANOBEDEISEZ AN LI EDAREBIND, I 5, REZERAMIALLDE
EfEL Y. Taolambiby - Ambolisatralc £ 2 L TW A /NKC3HEH R, Itampololc £ 8 L TW= /N XC44E
WME Y EHEMANBEZICRNTWAZ EN D, H/NIC3HEY - CAEMICE S TEHEBEICEZ 2iEEERL
TWEEWS HIRAE LN, Tabb, EYMHEOELIIENER %8 L TH/NOEEE O R AL AERKICFE
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Leaf biomass of hinoki cypress forests along a slope gradient in Kochi
Prefecture.
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The stable isotopic compositions of nitrate extracted from natural
plants : Quantifying the contribution of atmospheric nitrogen oxides to
nitrogen assimilated by plants
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BOT, TNEWBTEE, PAREETIAIRAI LA THERICEN S NEAR LT, & '°Off 134t
H L2 TOEMTH60D 5+80%FRZETH Y., TEKICEEFNZNO,HD 5 '°0ff (-10~0%) & W id 2
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Solubilization of iron (Fe) oxides in soils has strong influences on phosphorus (P) sorption and plant
productivity (Fe®* toxicity). Seasonal flooding is hypothesized to change the red-ox status of Fe3" (Fe?)
and Fe oxide stability to varying extents under different ecological conditions. The stability of Fe oxides
were thermodynamic analyzed using Fe?" concentrations, Eh, and pH in soil solution for a variety of
seasonally-flooded soils in arctic, temperate, and tropical regions (forest and paddy system). In
continuous permafrost zone (Canada), permafrost-affected soils of black spruce forest are seasonally
flooded due to summer thawing impermeable permafrost table. The surface soil solutions were
under-saturated with short-range order Fe oxides (ferrihydrite). The soil solutions in deeper horizons are
supersaturated with short-range order Fe oxides, consistent with the high concentrations of
oxalate-extractable Fe oxides. In tropical forest soils (Indonesia), soil solutions are under-saturated with
short-range order Fe oxides, but they are supersaturated with crystalline Fe oxides (esp., lepidocrocite).
This suggests solubilization and re-precipitation of short-range order Fe oxides. This process is promoted
in the soils of riparian zone. The highly reducing condition of tropical paddy soils (Indonesia) promoted
solubilization of goethite and hematite, which caused Fe?" toxicity. The red-ox cycles in temperate paddy
soils (Japan) caused solubilization of lepidocrocite and supersaturation with short-range order Fe oxides
after drainage. This process caused P solubilization and translocation of Fe oxides in deeper horizons.

Keywords: paddy soil, iron, phosphorus
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