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ARTICLE INFO ABSTRACT- Paddy soils make up the largest anthropogenic wetlands on earth. The
present study was performed to investigate and compare soil formation of paddy soils
with long-term rice cultivation history with non-paddy soils and study the effect of
waterlogging on soil pedogenesis. Soil samples were taken from paddy and non-paddy
soils derived from the same cal careous parent materials. Some pedogenic properties such
as organic carbon (OC), clay content, iron fractions, pH, electrical conductivity (EC),
cation exchange capacity (CEC), and calcium carbonate equivalent (CCE) were
measured. Results revedled that paddy management had profound impact on soil
formations and led to faster soil forming processes in paddy soils under flooded
condition. In the studied paddy soils, OC and CEC content significantly increased in
surface and subsurface soils; but soil pH significantly decreased. Chemical analysis
revealed a significant increase of clay portion in subsurface of paddy soils and a non-
significant increase of EC in surface and subsurface of paddy soils. The CCE content in
surface and subsurface of paddy soils was non-significantly lower than that of non-paddy
soils. Rice cropping system greatly affected different Fe forms so that paddy soils had
more available Fe (Fe,,), total Fe (Fe;), and poorly crystalline Fe oxides (Fe,), but lower
pedogenic Fe (Fey) and crystalline Fe oxides than non-paddy soils.
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INTRODUCTION

Rice is one of the world’s major food resources,
supporting more than 50% of the world population, and
one of the most important crops that is cultivated under
submerged conditions (Bouvet and Toan, 2011). Paddy
soils are hydromorphic soils formed under intense
anthropogenic  influence,  widely distributed in
difference parts of the world such as Asia and Iran.
They may originate from many types of soils in
pedological terms or different parent materials, but are
highly modified by anthropogenic managements during
rice paddy cultivation (Gong, 1983).

Paddy soil formation is driven by the anthropogenic
management practices that mask the soil's original
characteristics (Gong, 1983, 1986). These management
practices, such as plowing and puddling (tillage of
flooded soil), artificial submergence and drainage and
manuring, liming and fertilization, have obvious
impacts on soil properties (Kirk, 2004;Yu, 1985;
Ponnamperuma, 1972). The periodic redox cycles
induced by specific paddy soil management strategies
have strong effects on long-term biogeochemical
processes and can result in permanent and temporary
changes of soil properties (Ko gel-Knabner et al., 2010).

Flooding, puddling and the associated development
of a plow pan, change physical properties of soil. These

changes are generally beneficial for rice growth because
of improving nutrient availability and reducing
percolation losses. Typical paddy soil-forming
processes under anthropogenic managements have been
identified and reviewed by Gong (1983, 1986). These
important pedogenic processes and transformations
include gradual prdfile differentiation of Fe and Mn by
oxidation-reduction and eluviation—illuviation
processes in the paddy soils resulting from periodic
artificial submergence and drainage (Gong, 1983, 1986;
Yu, 1985), changes in soil pH, specific conductance and
redox potential, base leaching and re-adsorption
processes, accumulation of organic matter in the surface
horizon of paddy soils, nutrient transformations and
associated changes in bioavailability (Ponnamperuma,
1972; Kirk, 2004), destruction of clay minerals due to
ferrolysis, and formation of poorly structured cultivated
horizon and a compact and slightly laminar-structured
plow pan by repeated plowing and puddling (Gong,
1983, 1986).

Frequent inundation leads to anoxic conditionsin the
soil and reduced rates of organic matter decomposition
(Sahrawat, 2004), while it intensifies mineral
weathering (Nanzyo et al., 1999) and leaching processes
(Gong, 1986; Ponnamperuma,  1972). High
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concentrations of dissolved organic matter during
flooding seasons enhance the changes as well as the
release of structural Fe in clay minerals and support the
formation of ferrihydrite (Kdgel-Knabner et al., 2010).
Frequent redox cycles may favour the formation of
poorly crystalline Fe (hydr) oxides, i.e., ferrihydrite.
However, Thompson et al. (2006) observed a positive
correlation between the number of red ox cycles and
increasing crystallinity of soil hydrous oxides in short
term batch experiments. This could also result in higher
total Fe oxide contents in paddy soils compared to non-
paddy soils (Cheng et al., 2009).

Understanding how management practices affect
paddy soil evolution is useful for improvement and
sustainable use of these important soil resources (Zhang
and Gong, 2003). In Fars Province (in the South of
Iran), lower areas were used for a cropping sequence of
flooded paddy rice followed by a non-flooded crop. The
upper areas have been exclusively used for non-flooded
crop production. This enables us to study the genesis of
paddy and non-paddy soilsin a unique way. In this area,
natural soil (non-paddy soils) have often been studied to
estimate changes in soil properties but few studies have
examined paddy soils. Therefore, the present study was
performed to investigate the effect of paddy
management on some pedogenic, and physico-chemical
properties of paddy soils and compare them with non-
paddy soils derived from uniform parent material in ten
areas.

MATERIALSAND METHODS

Study Region and Field Sampling

This study was conducted in ten areas of Fars Province.
Within each area, a paddy and a non-paddy soil were
selected based on historical information and current
land uses. Fars Province is located in the southern part
of Iran, at the 50° 30"-55° 38" eastern longitude and 27°
3 -31° 42" northern latitude (Fig.1). Zagros mountains,
with a north-west to south-east direction, are extended
towards the central parts of the province. Elevations in
the north reach higher than 3900 m above sea level,
while in the southern parts, the elevations are mostly
less than 500 m above sea level. Annual precipitation
and potential evapotranspiration range from 50 to 1000
mm and from 800 to 3000 mm, respectively. Mean
annua temperature ranges from 12 to 24 °C.

Parts of the selected areain Fars Province were used
more than 5 months per year for irrigated paddy rice
cultivation (paddy soils) and other parts were used for a
variety of non-irrigated upland crops (non-paddy soils).
The profiles of a paddy and a non-paddy soil within
each area which had developed on calcareous parent
materials, were selected in pair wise manner, and were
as close as possible to each other, so as to minimize
variations of parent materials between the paired
profiles. Paddy fields had approximately 100 years of
rice cropping history and profiles were located in the
middle of each field. Prdfiles were dug, described and
classified according to the Soil Survey Manual (Soil

Survey Staff, 1993) and Keys to Soil Taxonomy (Soil
Survey Staff, 2014). The soil samples were collected
from the different horizons (0-20 cm and 20-40 cm
horizons) of the profiles with three replications from
both horizons.

SAUDY
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Fig.1. Location of Fars Province, southern Iran.

Laboratory Analyses

Soil samples were air-dried and passed through a 2 mm
sieve. Soil pH was measured with a combined electrode
in saturated soil paste using deionized water. Electrical
conductivity (EC) was measured in the soil saturated
extract. Organic carbon (OC) content was measured by
dichromate oxidation method (Nelson and Sommers,
1996). Calcium carbonate equivalent (CCE) was
determined by acid neutralization (Loppert and Suarez,
1996).Particle-size distribution (PSD) was measured by
the hydrometer method (Gee and Bauder, 1986). Cation
exchange capacity (CEC) was determined by saturating
of soil with 1 M sodium acetate at pH 8.2 and replacing
sodium by subsequent washing with 1 M ammonium
acetate at pH 7 (Sumner and Miller, 1996).

Pedogenic Fe (Fey) was extracted by the dithionite-
citrate-bicarbonate (DCB) method (Mehra and Jackson,
1960). Poorly crystalline Fe oxides Fe (Fe,) was
extracted by 0.2 M ammonium oxaate (pH 3.0)
(McKeague and Day, 1966). Total Fe (Fe;) content was
quantified with a boiling 4N HNO digestion (Sposito et
a., 1982). Available Fe (Fes) was extracted using
DTPA (Lindsay and Norvel, 1978).The extracted Fe
concentrations were determined by atomic absorption
spectrophotometry (AAS). The amount of crystalline Fe
oxides (Feyy) was calculated by the difference between
the dithionite and the oxalate-extractable Fe (Fegy,=Fe—
Fe,), (Wissing et al., 2013).

Statistics Analyses

Statistics analyses were used by SPSS package (v15).
To compare the differences between paddy and non-
paddy profiles, all paddy profiles were selected as one
group and al non-paddy profiles as another group. In
surface (0-20 cm) and subsurface (20-40 cm) soils of
both groups in each area, three replications of soils from
each horizon were used and analyzed by independent
samplet tests.
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RESULTSAND DISCUSSION

Organic Carbon Content

Organic carbon content in surface soils of paddy soils
was consistently higher than that of non-paddy soils
(Table 1). The average of organic carbon values in
surface horizon of paddy soils was 1141 g kg™,
significantly different (p= 0.006) from the equivalent
value of 8.00 g kg™ in non-paddy profiles (Table 2).

Also, organic carbon average of subsurface (2040 cm)

soils of paddy soils was 7.23 g kg', significantly
different (p=0.021) from 4.79 g kg of non-paddy soils

Organic carbon content of surface soils ranged from
1.34t0 15.98 and from 0.93 to 10.97 g kg™ in paddy and
non-paddy soils, respectively. Overall, by group
comparison, paddy and non-paddy soils were
significantly different in the organic carbon content in
surface and subsurface soils.

Our results indicated that long-term rice cropping
management (approximately 100 years) resultsin more
organic carbon content in paddy soils (Table 1 and
2).Higher amounts of organic carbon in paddy soils are
assumed to be due to higher accumulation of the surface
litter, addition of rotted roots or charred material, or to
the accumulation of lignin-derived compounds (Ko'gel-

Knabner et a., 2010; Wising et al., 2013).

(Table 2).

Table 1. Some chemical and physical properties and different forms of iron of Non-paddy (NP) and Paddy soils (P).
! ) I Depth cl sit sad cce ,CEC EC Fe' Fes  Fes Fea
ste sl Casifiaion oo’ B o) 6y o) ) N9 ghe) @smY kY kY (gkg) M9
Firouzabad Typic 020 794 371 395 234 574 127 866 042 901 342 130 1436
1 Np Calcixerepts 2040 785 382 126 492 589 125 385 057 1072 542 106 1109
Firouzabac Typic 020 775 394 478 128 547 149 1136 085 1311 232 148 37.63
1 P Epiaguepts  20-40 7.76 470 400 130 567 138 770 064 1036 313 147 19.89
Firouzabad Typic 020 783 230 320 450 703 100 1097 040 837 568 075 460
2 NP Heploxerepts 20-40 795 332 293 375 706 9.6 424 026 814 647 057 435
Firouzabad Typic 020 765 346 338 316 587 139 1155 048 1090 467 166 34.99
2 P Epiaguepts 2040 7.93 371 298 331 570 138 674 033 781 531 154 29.70
Reikan Typic 020 787 193 267 540 745 113 1078 040 744 318 108 1234
NP  Haplustepts 20-40 7.64 291 230 479 748 100 712 045 615 368 064 612
Reikan Typic 020 758 298 292 410 676 139 1386 085 1111 256 149 1836
P Epiaguepts  20-40 7.60 335 201 464 649 113 1040 043 997 279 109 1203
Fathabad Typic 020 762 240 375 385 540 100 885 260 1039 442 140 19.70
NP  Heplustepts 20-40 7.43 274 340 386 560 88 751 124 995 492 126 1511
Fathabad Typic 020 717 349 370 281 510 135 1059 360 1216 397 154 26.28
P Epiaguepts  20-40 7.32 490 299 211 530 113 866 186 1444 391 139 2050
Sheidan Typic 020 766 234 398 368 700 105 558 055 1014 339 088 1350
NP  Haplustepts 20-40 760 274 366 360 674 88 404 08 858 472 072 1317
Sheldan Typic 020 749 374 166 460 649 142 1136 085 1269 110 104 20.95
P Epiaguepts  20-40 7.53 394 146 460 634 120 558 079 1029 232 123 1416
Koshkak 1 NP Typic 020 780 507 312 181 473 151 1059 063 1379 528 216 2143
Haploxerepts 20-40 800 527 213 260 499 138 847 050 1386 58 203 17.99
Koshkak 1 P Typic 020 737 559 291 150 453 164 1213 093 1713 408 250 26.67
Epiaguepts  20-40 7.69 631 264 105 475 151 943 053 1531 388 212 2543
Koshkak 2 NP Typic 020 784 524 350 126 485 148 610 054 1084 461 176 1365
Cacixerepts 20-40 791 540 340 120 492 150 480 040 875 481 150 1331
Koshkek 2 P Typic 020 7.73 603 307 90 465 165 866 066 1499 351 200 19.61
Epiaguepts 20-40 7.86 571 326 103 500 155 616 047 1081 341 199 19.25
kordbal NP Typic 020 830 441 400 159 510 152 424 350 1067 551 171 862
Cacixerepts 20-40 835 380 375 245 522 136 250 358 1043 513 148 744
Kordbal Typic 020 710 494 380 126 451 183 905 357 1127 320 218 3417
Halaguepts 2040 711 494 377 129 452 183 899 352 1142 322 210 17.34
Norabad 1 NP Typic 020 772 402 445 153 594 164 462 101 853 421 184 13.80
Caciustepts 20-40 821 329 438 233 606 151 270 078 789 460 103 9.0
Norabad1 P Typic 020 702 482 432 86 567 192 963 140 976 295 284 1850
Epiaguepts 2040 7.55 609 285 106 537 183 38 085 817 315 173 1493
Norabad 2 NP Typic 020 792 406 499 95 560 178 963 093 1006 581 210 1116
Haplustepts  20-40 808 404 446 150 594 151 270 034 947 621 120 969
Norabad 2 " Typic 020 735 442 445 113 552 192 1598 217 1144 411 352 19.38
NP _ Epiagualfs  20-40 722 481 426 93 574 178 481 078 979 440 281 1199

"Fe—=total Fe, Fe,= pedogenic Fe, Fe,=poorly crystalline Fe oxides, Fe.,—available Fe
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Table 2. Group comparison between non-paddy (NP) and paddy (P) prdfiles on selected properties (averaged surface (0-20 cm)

and subsurface (2040 cm) soils)

Surface (0-20 cm) soils

Subsurface (20-40 cm) soils

Soil properties Sail Mean Significant level Mean Significant level
Organic carbon(OC) (g kg™ P >0 0.006 ‘7‘:;2 0.021
Clay content (%) P jg:i 0.128 2;:2 0.020
Silt content (%) NPP gz:g 0.477 3(1):2 0.736
Sand content (%) P 202 0.430 o 0.138
pH P e 0.001 ;:gg 0.012
I(Ecigcrtrr]lf)al conductivity(EC) NPP igg 0.394 2851) 0.782
Chomowe Wm0 w2 o
B A N~ I S
Total Fe(Fe) (g kg™ NPP fé% 0.010 %%% 0.167
pedogenic Fe(Fe,) (g kg™) -y o 0011 e 0.000
p(c(‘;olzgl)crystal line Fe(Fe,) NPP ;gg 0.080 i %g 0.013
Available Fe (Fe,) (mg kg™) -y e 0.000 oD 0.003
Fe/Fe, NPP 8:22 0.001 8;;3 0.000
Fe/Fe NPP 8:‘212 0.000 822 0.001
crystalline Fe(Fe,y) (g kg) -y e 0.000 1o 0.000

Cheng et al. (2009) and Sahrawat (2004) showed
positive effects of rice cultivation on topsoil organic
carbon accumulation. Sahrawat (2004) indicated that
both the high input of organic materials and the retarded
decomposition rates under anaerobic conditions
contribute to the organic carbon accumulation in paddy
soils. Cheng et al. (2009) showed that 50 years of rice
cultivation resulted in significant higher organic carbon
content in paddy topsoil horizons than that in non-
paddy. Wissing et a. (2011) demonstrated that the
organic carbon accumulation in bulk soils was
dominated by the silt and clay-sized fractions. Our
results were also in accordance with Wu (2011), whose
data indicated higher OC concentrations and stocks in
paddy soils compared to other arable ecosystems.

Also Hanke et a. (2013); and Wissing et a. (2013,
2014) have studied mechanisms responsible for long-
term accumulation of organic carbon. Hanke et al.
(2013) assessed the redox control on organic carbon
mineralization and dissolved organic matter dynamics
across long term rice cultivation and demonstrated that
organic carbon accumulation in paddy soils resulted
from a microbial community well adapted to anoxic
condition that has a low efficiency in mineraizing
organic carbon during transient oxic states. Wissing et
a. (2013, 2014) investigated organic carbon
accumulation in organo-mineral associations during the

long-term development of soils under wet paddy
cultivation in comparison to non-irrigated cropping
systems. Results of Wising et al. (2013, 2014) showed
that paddy soils were characterized by an accelerated
decalcification, higher contents of organic carbon and
Fe oxides, and higher organic carbon coverage on
mineral surfaces as compared with non-paddy soils. In
addition, Fe oxides and organic matter in paddy soils
seemed to protect each other in organo-minera
associations primarily in the fine clay-sized fraction as
indicated by the selective removal of organic matter or
Fe oxides (Wissing et al., 2013).

Clay Content and Soil Texture

As for clay content, our results suggest that paddy
management favors clay accumulations, particularly in
layers bellow 20 cm depth, as the average of clay
content in surface (0—20 cm) and subsurface (20-40 cm)
soils of paddy profiles as a group is statistically higher
than that of non-paddy profiles (Table 1 and 2).

Average of clay content in surface (0-20 cm) soils
of paddy soils (43.4%) was higher than non-paddy soils
(35.4%), but difference between them was not
significant (p=0.128), (Table 2). Also clay proportion in
subsurface (20-40 cm) soils was significantly higher
(p= 0.020) in paddy (48.4%) compared to non-paddy
soil (37.3%). However, the cultivated paddy soils with

10
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long paddy cultivation history had much higher clay
content in subsurface than surface soils.

Paddy soils has 30-65% (Mean value =46%) clay in
the upper solum (until 40 cm below surface), which is
due to artificial accumulation of dredged fine materials
on the surface. The irrigation water flowing from paddy
fields contains 1.5-1.7 g L™ of suspended material,
which isricher in clay and fine particles (mainly smaller
than 0.05 mm in average diameter) than the bulk soil
(Zzhang and Gong, 1998). Deposition of suspended
material from irrigation water (generally fine particles)
and mechanical leaching probably favors clay
accumulations and differentiation. Theses process could
result heavier texture in surface (0-20 cm) and
subsurface (20-40 cm) soils of paddy soils. Earlier
studies have showed that, in paddy soils, ploughing,
puddling, flooding, and drainage could cause downward
and more obviously lateral mechanical movement of
soil particles (Gong, 1986). Average of silt and sand
content in surface (0-20 cm) soils of all paddy profiles
was 34.9 and 21.6%, not significantly different with
37.6 and 26.9%, in non-paddy profiles, respectively.
Also silt and sand content in subsurface (20-40 cm)
soils of al paddy and non-paddy profile was not
significantly different (Table 2).

Soil pH

Soil pH is probably the most important chemical soil
parameter; it reflects the overall chemical status of the
soil and influences a whole range of chemical and
biological processes occurring in the soil (Jaillard et &,
2003). Because of its implications in most chemical
reactions in the soil, knowing the actual value of soil pH
and monitoring its changes is critical for understanding
the physicochemical functioning of the soil (Jaillard et
a., 2003). Average of pH in surface (0-20 cm) soils
was significantly lower (p= 0.001) in paddy (7.42)
compared to non-paddy soils (7.85). Pairwise
comparison between subsurface (20-40 cm) soils of
paddy and non-paddy soils revealed that they were
significantly different (p= 0.012). The pH values in
subsurface (20-40 cm) soils of paddy and non-paddy
soilswere 7.55 and 7.90 (Table 2).

Sail reduction is accompanied by changes in the pH.
The pH values of non-paddy bulk soils were neutral to
akaline and decreased significantly after water logging
and continuous rice cultivation (Kirk, 2004). The pH
values remained above 7 as long as carbonates were
present. Without carbonates most paddy topsoils werein
the range of pH 5-7. After soil waterlogging, the pH
tends to converge to neutrality irrespective of initial pH,
whether acidic or alkaline (Ponnamperuma, 1972; Kirk,
2004). After submergence, pH of akaline-calcareous
soils decreased initially and remained almost constant.
Following submergence, CO, formed in respiration,
escapes from the soil only very slowly, and it therefore
accumulates. As CO, continues to accumulate during
anaerobic respiration and fermentation, large partial
pressures develop, typicaly in the range of 5 to 20 kPa.

The accumulation of CO, lowers the pH of akaline
soils (Kirk, 2004).

Soil EC

Salinity isthe major nutritional constraint on the growth
of wetland rice, because rice is more sensitive to
salinity. Therefore, the monitoring of soil solution
sdinity is important for sustainable production of rice
(Marschner, 1995). The electrica conductivity of
saturation extracts tended to be Higher in paddy as
compare to non-paddy soils, but showed same patterns
with depth for paddy and non-paddy soils. Mean value
of EC in surface (0-20 cm) soils of non-paddy and
paddy profiles were 1.09 and 1.53 dS m™, respectively
(Table 2). Also Average of EC in subsurface (20-40
cm) soils of paddy profiles (1.01) was higher than non-
paddy soil (0.89), (Table 2). No significant (in surface
and subsurface soils) were observed between paddy and
non-paddy soils (Table 2). Narteh and Sahrawat (1999)
found that the soil solution electrical conductivity (EC)
increased initially after submergence and then
decreased. The specific conductance of the solutions of
most soils increases after submergence, attains a
maximum, and declines to a fairly stable value, which
varies with the soil. The changes in conductance reflect
the balance between reactions that produce ions and
those that inactivate them or replace them with slower
moving ions (Ponnamperuma, 1978). The increase in
conductance during the first few weeks of flooding is
due to the release of Fe*? and Mn**from the insoluble
Fe® and Mn*™ oxide hydrates, the accumulation of
NH," HCO;, and RCOO and (in calcareous soils) the
dissolution of CaCO;z; by CO, and organic acids. An
additional factor is the displacement of ions, especially
cations, from soil. The decrease in conductance of
calcareous soils (non-paddy) is caused by the fall in
partial pressure of CO, and the decomposition of
organic acids (Ponnamperuma, 1978).

Calcium Carbonate Equivalent (CCE)

The mean value of calcium carbonate equivalent (CCE)
in surface (0-20 cm) soils of the uncultivated and rice
cultivated fields was 58.8 and 54.5% respectively and
difference between them was not significant (p=0.291),
(Table 2). Also average of CCE in subsurface (20-40
cm) soils of non-paddy and paddy profiles was 59.9 and
54.8 and difference between them was not significant
(p=0.158), (Table 2). Our results showed that rice
cultivation resulted in increase of decalcification in the
surface and subsurface soils compared to the non-paddy
soils, although differences between them were not
significant. However loss of calcium carbonate in
surface soils of rice fields was more and faster than non-
paddy fileds, but decalcification in the subsurface soil
also were dlightly accelerated.

Kalbitz et a. (2013) indicated that paddy
management increased decalcification compared to the
non-paddy agricultural use.

With increasing paddy cultivation age, CCE content
decreases gradually, because the leaching loss of CaCO3

11
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in the calcareous soil increased with increasing
cultivation age due to the artificia periodic irrigation
and drainage in rice planting system. High partial
pressure of CO, in the soil during periods of
waterlogging may be considered to favor CaCOj
dissolution (Van den Berg and Loch, 2000). The
increased accumulation of organic matter and thereby
ammonium in the water layer under paddy management
in promote acidification due to higher acid production
during the dry cropping phase. A larger input of
nitrogen fertilizer to paddy soils may additionally
contribute to a more intensive production of protons
after ammonia oxidation and dissolution of carbonates
(Gandoiset al., 2011). Wissing et al. (2011) showed that
flooding and discharge lead to a gradual carbonate loss
and subsequent pH decrease during rice cultivation.
Thus, they resulted that pedogenesis of paddy soils
differs remarkably from that of corresponding non-
inundated croplands, where decalcification is much
slower and faster decalcification caused by the paddy
management accel erates other pedogenic processes.

Cation Exchange Capacity (CEC)

The averaged CEC in surface (0-20 cm) soils of al
paddy profiles was 16.0 cmol kg™, significantly higher
than (p=0.035) with the equivalent value of 13.4 cmol,
kg™ in non-paddy profiles (Table 2). Averaged of CEC
in subsurface (20-40 cm) soils of paddy profiles was
14.72 cmol, kg™, and it was not significantly different
(p=0.056) with non-paddy profiles (12.25 cmol. kg™),
(Table 2).

Higher portion of clay content and organic matter
and clays with higher CEC (specially smectite, data not
shown) cause increase CEC in paddy soil compared to
non-paddy soils. This higher concentration of smectite
is reflected in the relative high CEC value of the clay
fractions. Also reduction of structural Fe causes a net
increase in the negative surface charge on the clay,
resulting in increased CEC (Stucki et al., 1997). Further,
in soils that undergo intermittent reduction and
oxidation, a large part of the easily reducible Fe is
present as coatings of oxy hydroxides on clay surfaces
and these are dissolved during soil reduction. Where
positively charged oxy hydroxides neutralize negatively
charged sites on the clay, dissolution of the coatings will
cause the net surface negative charge and hence CEC to
increase (Kirk, 2004).

Iron Fractions

Average of total Fe in surface (0-20 cm) soils of paddy
profiles were 12.45 g kg™, it was significantly different
(p= 0.010) with 9.92 g kg™ in non-paddy profiles (Table
2). Total Fe concentration in subsurface (20-40 cm)
soils was similar to that of total Fe in surface soils. It
was higher in all paddy profiles (mean value =10.83 g
kg') compared to non-paddy profiles (mean
value=9.39g kg™) but difference between them was not
significant (p= 0.167).

DTPA extract available form of iron (Fe.). The Fey
values in surface soils (mean value=25.65 mg kg™*) and

subsurface soils (mean value=18.52 mg kg™) of paddy
soils were significantly higher (p=0.000) compared to
non-paddy soils (Table 2). Iron, which is released from
primary minerals during weathering, is present as Fe**
under aerohic conditions. Ferric iron (Fe*") is almost
entirely insoluble and therefore essentially immobile by
convection or mass flow. Iron can move with the soil
solution and available for plant when Fe** (ferriciron) is
reduced to Fe** (ferrous iron) under anaerobic
conditions (Cartaet al., 2009).

The DCB dissolves crystalline forms of Fe oxides
(e.0. goethite or hematite) and amorphous forms (poorly
crystalline) of Fe oxide (mainly ferrihydrite) (Mehra
and Jackson, 1960). Pairwise comparison between the
paddy and non-paddy soils revealed that Fey
concentrations showed significant difference in surface
and subsurface soils (Table 2 and Fig. 2). Averaged Fey
concentrations in surface and subsurface soils of all
paddy profiles were 3.24 and 3.55 g kg, significantly
lower (p=0.011 and p=0.000) than 4.55 and 5.18 g kg™*
in non-paddy profiles respectively (Table 2). The Fey
concentration in surface soils of paddy profiles varied
from 2.32 to 5.30 g kg™* and in non-paddy profiles from
3.68 t0 6.47 g kg™ and in subsurface soils varied from
1.10 to 4.66 g kg™ and 3.18 to 5.81 g kg™ in paddy and
non-paddy profiles, respectively. It can be observed that
rice cultivation has caused a significant decrease of Fey
throughout the profile and obvious profile
differentiation.

The depth distributions of Fey in paddy soils suggest
agradual illuviation of Fey by rice cultivation, as the Fey
is dlightly less in surface soils and dlightly higher in the
subsurface. The decrease of Fey is attributed to
reduction and mobilization when artificially submerged,
and increases in the subsoil result from the leaching and
mobilization when artificially re-precipitation of iron.
For paddy soils, the change of soil moisture regime
from that in the origina soils is very critical for the
transformation of iron and manganese minerals (Yu,
1985). The long-term rice cultivation has caused an
obvious decline of Fey throughout the profile and its
differentiation between horizons is also obvious. Zhang
and Gong (2003) reported that the decrease of Fey
content in the paddy soil profile is more pronounced as
the period of rice cultivation increases. Artificial
flooding reduces iron minerals and mobilizes the iron as
ferrous ions. Subsequent drainage and re-oxidation
leads to re-precipitation of iron as cutans, mottles,
concretions, or nodules. This cycle causes rapid
differentiation of iron and manganese distributions,
especially when the surface saturation is artificial.
Various processes contribute to the loss of iron and
other elements in paddy cultivation, including
illuviation, reduction and dissolution chelation, and
ferrolysis (Zhang and Gong, 2003).

Oxalate-extractable Fe (Fe,) represents poorly
crystalline Fe oxides which are nowadays denoted as
short-range-ordered oxides. Ferrihydrite (FesHOg-4H,0)
is the most prominent poorly crystalline Fe oxides phase
(Carta et a., 2009). Paddy soils are characterized by
higher Fe, concentrations (Fig. 2), ranging from 1.04 to
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3.52 g kg™ (mean value =2.03) in surface soils and 1.09
to 2.81 g kg™ (mean value =1.75) in subsurface soils.
Statistical analyses showed that the Fe, values in
subsurface of paddy soils significantly increased while
in surface soils were not significant (p=0.013 and
p=0.080, respectively) (Table 2). Average of Fe,
concentrations in surface soils and subsurface soils of
non-paddy profiles were 1.50 and 1.15 g kg™, ranging
from 0.75 to 2.16 g kg* and 0.57 to 2.03 g kg,
respectively (Table 2). The higher Fe, proportion in
paddy soils is associated with higher OC concentrations
compared to the non-paddy soils. In contrast, the non-
paddy soils have lower proportions of Fe,, resulting in
lower OC concentrations. Oxalate extractable Fe oxides
(e.g., ferrihydrite) are known to have a large minera
surface (Wagai and Mayer, 2007). Because of the higher
Fe, content, the potential to accumulate OC is more
pronounced in paddy soils compared to soils from the
same parent material but under non-paddy management.
Correlations of OC with Fe, have aready been

identified as a relevant feature in paddy soils (Pan et dl.,
2003).

The ratio of Fe,/Fey in soils reflects the different
pedogenic environments, such as redox conditions,
presence of organic ligands, soil forming age, and
weathering degree (Wissing et al., 2013). Our data
showed lower ratios of Fe,/Fey (Table 2 and Fig. 2) in
non-paddy soils, indicating significantly higher
crystallinity compared to corresponding paddy soils.
The paddy management induces the preferred formation
of Fe, in early stages of soil development, leading to a
higher ratio of Fe,/Fey (Fig. 2). The ratios of Fey/Fey in
surface soils of non-paddy and paddy soil varied from
0.13 to 0.43 (mean value=0.33) and 0.35 to 0.96 (mean
value=0.66), respectively (Table 2). Dryland soils had
the lower Fe,/Fey ratio values, indicating the dominance
of crystalline iron oxides (hematite and goethite), (Table
2and Fig. 2).
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Fig. 2. Pedogenic Fe (Fey), poorly crystalline Fe (Fe,) and crystalline Fe oxides (Feyy), (Feqy,=FesFe,) in surface (a) and
subsurface (b) soils of paddy (P) and non-paddy (NP) soils.
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Results showed that paddy profiles had significant
lower (p=0.000) content of crystalline Fe oxides (Feys
Fe,) compared to the associated non-paddy profiles in
surface and subsurface soils (Table 2 and Fig. 2). The
management of the paddy soils creates an environment
of Fe oxide formation which was different to those in
non-paddy soils (Fig. 2). Zhang et a. (2003) reported
that the paddy management led to a decreased
crystallinity of soil Fe oxides, because crystaline Fe
oxides can be transformed to poorly crystalline forms
when artificially submerged. Fe, oxides in non-paddy
soils are formed by dissolution and precipitation
reactions involving soil minerals and become more
crystalline over time (Schwertmann and Taylor, 1989).

Under waterlogging condition, iron oxides are
reduced to Fe** and leached downward. Fe?* is rapidly
oxidized in re-oxidation state and precipitated as
ferrihydrite. Ferrihydrite is a short-range-ordered phase
having nanometric dimensions, usually around 2-6 nm
(Carta et a., 2009). It is assumed that ferrihydrite is
often the first phase to form in soils, especialy at rapid
oxidative precipitation. Under oxidizing conditions
metastable ferrihydrite is gradually transformed to more
thermodynamically stable and crystalline phases like
goethite or hematite. However, the presence of organic
matter in soils effectively prevents the conversion of
ferrihydrite to the more crystalline forms (Jones et d.,
2009). Higher content of organic matter at surface soils
may prevent the crystallization of iron oxides

Zhang et al. (2003) reported in incubation
experiments the transformation to higher Fe,
proportions after soil flooding, resulting in a gradua
reduction of the ratio of Fe, to Feyg with time. They also
found a higher ratio of Fe,/Fey with ongoing paddy soil
management and higher OC contents with longer paddy
rice cultivation. Soils with high OC content contain
more organic acids, which may have an inhibitory effect
on crystallization and lead to retardation of Fe oxide
crystallization (Schwertmann et al., 1982).

The ratio of Fey/ Fe; in the pedons further illustrates
changes in the iron oxides. Results showed that in all
pedons, ratio decreased with rice cultivation, which
suggests the simultaneous loss of Fey and the primary
iron (silicate iron). The ratio of Fey/ Fe; in surface soils
of non-paddy profiles (mean value=0.46) was higher
significantly (p=0.000) than paddy soils (mean
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