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ABSTRACT

Frequency and efficiency of freeze-thaw cy-
cles (FTTCs - freezing and thawing treated cycles)
are increasing over soils of cold regions or high
altitudes as a natural outcome of global warming.
Such cases result in significant changes in available
macro and micro nutrient contents of soils. Very
little information is available about the effects
freezethaw cycles have on the availability of soil
micronutrients. Therefore, the present study was
conducted to determine the effects of frequency of
freeze-thaw cycles on available micro nutrient
contents of Pellustert, Angiustoll, Haplustept,
Fluvaquent and Calciorthid large soil orders of
Northem Turkey. Results revealed significant ef-
fects of freeze-thaw cycles on available micro nu-
trient contents of soils mostly based on soil charac-
teristics. The highest Fe content was observed in
step 3 of Pellustent soil order (Step 3; each soil was
kept at -10, -15, and -20 °C for a month, at -10 °C
for 15 days, -5 °C for 15 days, 0 °C for 15 days,
then thawed at +2.5, +5, +7.5 and 10.0 °C for 18
hours. This freeze-thaw cycle was repeated 3, 6,
and 9 times). It was concluded that the effects of
freeze-thaw cycles on Fe availability varied mainly
based on soil charactenistics and increased frequen-
cy of freeze-thaw cycles increased Fe-fixation to
soil.
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INTRODUCTION

As a natural outcome of global warming,
freeze durations in cold regions and high altitudes
are prolonged and consequently the frequency of
freeze-thaw cycles (FTTCs) increased [1, 2]. Previ-
ous researches clearly indicated the impad of such
cycles on soil nutrient contents and physical struc-
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ture, especially texture and aggregate stability [3, 4,
5,6,7, 8]

Peltovuori and Soinne [9] reported that freeze-
thaw cycles destroyed organomineral complexes
and consequently freed organic compounds and
newly formed surfaces resulting in absorption of
nutrients in soil solution. Researchers indicated the
significance of freeze-thaw cycles in nutrient avail-
ahility especially in soils with high organic matter
and clay content. Direct chemical e flects of freeze—
thaw cycles such as precipitation reactions com-
bined with changes in microbial activity linked to
physical changes in soil structure may decrease
nutrient availability [10, 11]. Freeze-thaw cycles
have significant effects also on soil chemical reac-
tions, nutrient availability and transport [12]). Such
cycles generally increase ammonium and nitrate
concentrations and speed up mineralization of or-
ganic nitrogen [13]. Hinman [14] pointed out that
freezethaw cycles increased exchangeable ammo-
nium levels but decreased exchangeable potassium
levels. Additional substrates can be produced from
fragmented aggregates through the physical pro-
cesses of freezing [15, 16, 17]. Herrman and Witter
[17] reported that dissolved substances could easily
be transferred to available portions with freeze-
thaw cycles and 65% of carbon manifestation was
realized with microbial mass.

The present study was conducted to determine
the effects of freezing duration, number of freeze-
thaw cycles, and freezing temperatures on available
Fe contents and to compare the effects of excessive
number of cycles on Fe levels based on soil charac-
teristics.

MATERIALS AND METHODS

The research was carnied out with Fluvaquent,
Argiustoll, Pellustert, Calciorthid and Haplustept
large soil orders classified and representing Entisol,
Mollisol, Vertisol, Ardisol and Inceptisol soil or-
ders.
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Laboratory experiments. Experiments were
conducted with the soil samples taken from the 0-
20 cm layer of fluvaquent, argiustoll, pellustert,
calciorthid and haplustept large soil orders. Before
the expenments, soil samples were subjected to
some physical, chemical, and microbiological anal-
yses. Then, samples were sieved through an 8 mm
sieve, stored in 500 g plastic bags, and made ready
for expeniments. The samples were subjected to Fe
treatments based on initial Fe contents. Fe was
appliedin 0 (control), 1, 3, 6 and 9 mg kg™ doses in
the form of FeSOs Micro element-treated samples
were brought to field capacity moisture level,
wrapped in stretch films, and exposed to freeze-
thaw cycles. The long-term (60 years) average air
temperature has been reported to be -10, -15, and -
20 °C for December, January, and Febmary, re-
spectively; the actual average air temperature
ranged between 0-10 °C (42.5, +5, +7.5, and
+10°C) and the average number of hours exposed
to the sun and hours of thawing per day, respective-
ly, were 18 h and 6 h for March, April, and May.
Therefore, the laboratory study was conducted in
three steps (Step 1, Step 2, and Step 3).

Field experiments. The field expenments
were conducted by using the major soil orders of
Pellustert, Argiustoll, Haplustept, Fluvaquent, and
Calciorthid. Experiments were conducted in ran-
domized complete block design with four replica-
tions at the beginning of November. Iron micro
nutrient fertilizer for each soil group was applied
and mixed in to 0-20 c¢m of soil profile with field
cultivators. Individual plots were 1.5 x 4 m in size.
The available moisture content of the soil was
105.3 mm m™. All of the plots were rain-fed in field
conditions and irrigated in laboratory conditions
with tap water (Class C2S;) with an electrical con-
ductivity of 0.27 dS nr', a sodium absorption ratio
of 0.42, and a pH of 7.6. Soil moisture content of
all plots was increased to the field capacity at the
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Soil sampling was performed from the 0-10
cm soil layer every 15 days and soil moisture con-
tent and temperature were measured.

Soil analysis. Soil samples were taken from
0-10 cm depths to determine chemical and physical
properties. Soil samples were air dried, crushed,
and passed through a 2 mm sieve prior to chemical
analysis. Cation-exchange capacity (CEC) was
determined using Na acetate (buffered at pH 82)
[18]. Exchangeable cations were determined using
NH4 acetate (buffered at pH 7.0) [19]. The Kjeldahl
method [20] was used to determine total N content
or concentration including organic N while plant-
available P was determined by using Na bicar-
bonate [21]. Electrical conductivity (EC) was
measured in satumation extracts [22]. Soil pH was
determined in 1:2 extracts and CaCOs concentra-
tions were determined according to McLean [23].
Soil organic matter (OM) was determined using the
Smith-Weldon method [24]. A solution of NHs
acetate buffered at pH 7 [18] was used to determine
exchangeable cations. Following the extractions, P,
K, Ca, Mg, and Na concentrations were determined
using an inductively-coupled-plasma spectropho-
tometer ICP (Perkin-Elmer, Optima 2100 DV,
ICP/OES, Shelton, CT 064844794, USA). The
analysis results of soils are given in Table 1.

Statistical Analysis. The laboratory and field
experiments had a randomized complete block
design with three replications in the laboratory and
four replications in the field. Experimental varia-
bles included soil types (5), iron micro nutrient
doses (5), freeang temperature (3), thawing tem-
perature (4) and number of freeze-thaw cycles (3).
Analysis of variance (ANOV A) was used to deter-
mine the effects of soil type, iron dose, and freeze-
thaw treatments on Fe availability; Duncan’s multi-
ple companson test procedure was used to compare
the means [25].

begiming of freeze-thaw cycles.
TABLE 1
Some chemical properties of soils
Pethwn Axg'mtdl mluseg FM Calciorthid
pH (1:2.5) 7.30 700 779 7.29 1.%
CaC0s % 0.40 049 120 1.02 25.66
Organic matter 0.91 1.01 236 1.41 219
Total Nitrogen mg kg 63.00 62.00 119.00 £9.00 110.00
NH+N 5N 627 853 5.20 953
NOsN 7.17 850 10.00 6.27 10.47
CEC (me 100 gr') 56.88 55.51 46.76 3383 39.56
Ca 15.61 14.45 1408 1255 1242
Na 054 0.75 131 0.66 1.01
Mg 270 29 257 316 289
K 195 185 262 2.36 2N
P mg kg 8.23 10.24 21.16 2362 1210
Fe 378 3258 278 233 333
Cu 20.65 248 2490 3nm 3539
Mn 16.19 17.87 1456 18.05 13.53
Zn 4.4 434 430 5.18 456
B 25 021 039 0.31 11.54
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RESULTS

Effects of freeze—thaw cycles on Fe
avaliability of soils under field conditions. While
the pH of Pellustert, Argiustoll and Fluvaquent soil
orders was neutral, pH of Haplustept and Cal-
ciorthid soil orders was slightly alkaline. Lime
content of Calciorthid soil order was quite high
while other orders with lime had low or normal
lime levels. Awailable nitrogen and phosphorus
levels were low and medium respectively; K, Ca
and Mg levels were sufficient and even high; Fe
and Zn levels were each low; Cu and Mn lewels
were sufficient; B levels were high in Calciorthid
soil order and low in other soil orders.

Depending on applied Fe doses, high varia-
tions were observed in Fe availibility of soil orders
exposed to freeze-thaw cycles 3, 6 and 9 times.
Increasing number of cycles generally increased Fe
levels of Pellustert, Argustoll, Haplustept,
Fluvaquent and Calciorthid soil orders (Table 2).
Increased number of FTTCs resulted in increased
available Fe levels of Argiustoll soil order. Howev-
er in other soil orders, available Fe levels increased
up to 6 FTTCs and decreased at 9 FTTCs. The
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highest available Fe level of Pellustert, Haplustept,
Fluvaquent and Calciorthid soil orders was ob-
served in 6 mg'kg Fe dose and at 6 FTTCs.
Considering the fixation capacities of soil or-
ders with FeSO4 fertilization and freeze-thaw cy-
cles, it was observed that increased number of cy-
cles also increased fixation capacities of soil orders.
In general, the highest fixation capacities were
observed at 9 freeze-thaw cycles (Table 3).

Effects of freeze—thaw cycles on Fe
avaliability of soils under laboratory conditions.
As a result of freeze-thaw cycles, significant chang-
es were observed in available Fe levels of five large
soil orders based on the soil order, number of
freeze-thaw cycles, and applied Fe doses (p<0.01).

In the first step, while the available Fe con-
tents of Pellustert soil order following 3 freeze-
thaw (F-T) cycles at 2.5°C and 5.0°C thawing tem-
peratures were respectively observed as 4.16 and
3.24 mg kg, the values were respectively observed
as 4.16-475 mg kg in Amgiustoll soil order, as
2.41-1.88 mg kg in Haplustept soil order, as 2.15-
2.40 mg kg in Flavugent soil order, and as 2.28-
2.64 mg kg in Calciorthid soil order (Table 4).
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TABLE2
Effects of Fe treatments and freeze-thaw cycles on Fe concentrations of five soil orders in field conditions
(mg Fe kg").
Pellustert Argiustal Haplustept Fluvaquent Calciorthid
F-T F.D mg Fe Avail,. Y vail F* avair F van Fe  ivail
cycles kg mghkgt % :;, % mg % :;5 % ;ﬁ %
Initial 760 721 1018 920 1056
0 3.17a 3816 1.79b 3887 2641 4086 335a 249 4460 43.45
1 2250 33.52 1.56c 3642 201c 194 212c¢ 158 499 a 48.9
3 3 1.26 ¢ 16.69 177b 2528 3.05a 2595 325c¢ 237 3.62c 28. M
6 098d 19.95 227a 2639 153e 1697 323b 2115 3.34d 29.10
9 1.17¢ 20.29 1.55¢ 3025 1.71d 2339 331a 23 253e 3L
0 1.07¢ 12.82 141b 3064 1.57d 2430 558d 408 284c 27.61
1 233c¢c M7 1.L18c 2752 6.73a 6497 681b 5106 274c 26.65
6 3 2.16d 28.69 1.80a 2574 6.73a 5736 570c¢c 41.66 488a 3873
6 263a 53.46 1.L18c 1372 556b 6151 6.75b 442 4430 38.83
9 250b 4324 143b 2784 39c 5332 780a 547 2.50d 3121
0 408 a 49.02 140d 3049 225a 3483 468b 344 297c¢ 289
1 2.13b 31.77 155d 3606 16lc 1558 441c 33.06 2.54d 24.7%
9 3 41la 5462 342b 4899 1.96b 1669 4741 348 4.10a 3283
6 1.31c¢ 2658 S5.14a 5989 195b 21.52 529a 346 3.72b 3237
9 2.11b 3647 215c¢ 4191 1.70¢ 2329 3.13d 21.97 298¢ 37.21
TABLE3
Fixation capacity of soils after Fe fertilizer treatments
Fe Fe fixation capacity, %
Doses Pellustert Argjumn Haplustept Fluvaquent Cak sorthid
} 3 6 9 3 6 9 3 6 9 3 6 9 3 6 9
1 01d 794 1004 67 8% 108c 46d 67d 884 1524 100d 189 70.1b 708 714
3 ll6c 135¢ 155¢ 12d 204 41d 78 9% 118c 627 6355 643 8123 816a 8202
6 550b S573b 5950 3566 3900 42.1b 352 3860 417b 463c 49.1c Sléc 816a 824 837a
9 682 702s T22a 08s Tl6a T3Sa 684a 696a 707s 718 736a TS54a 831s 838as 850a
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TABLE 4
Effects of Fe treatments and freeze-thaw cyeles
Fe
application FTTC Pellustert Argiustoll Haplustept Fluvaguent Calciorthid
doses mg B"
Thaw temperature, °C
+2.5 +5.0 +2.5 +5.0 +2.5 +5.0 +2.5 +5.0 +2.5 +5.0

0 4.16¢c 3.24d 4.16d 475 241c 1.8d 215 240c 22% 2.64¢
1 3.80d 3.7% 471b 421d 235 229% 254a 226d 27m 249
3 Jtmes 4.45b 4.02b 4.44c 417d 2.72b 2.46b 2.41b 227d 256b 2.50d
6 397d 4.19% 4.53¢ 549 233¢ 245 2.36b 2.86b 2.51b 3.15b
9 543a 475 493a 585a 3252 284a 262a 3lla 27% 342a
0 405d 5.13a 408 446d 235 298 210d 230c 22k 253
1 6.70a  3.66¢c 505b 495b 4058 221d 272 267a 289 2.9%4ab
3 6tmes 4.85b 4.3% 5.18b 506b 248 268 28Ib 2758 298 3.03a
6 470b 4.33b 5.84a 530a 2.76b 254c 304a 276a 323 3.Ma
9 434c 374 553ab 477c 242¢c 224d 2958 254 313 2.7%
0 507a 3.29% 38¢ 452¢c 29%a 190d 20lc 233 213k 256¢
1 9 times 362c 353bc 452 S506b 219 213¢ 243b 272ab 258 2.99
3 415 375b¢ 487a 5.15b 253b 229 2652 280a 28la 3.08
6 4.14b  3.90b 497a 539a 242b 228 259a 2f8la 275 3.09
9 3.56¢ 4.45a 496a 49bc 2.13¢c 266a 2.64a 2.64b 280 2.90b

(Step 1; soil samples obtained from large soil orders were subjected to -10, -15, and -20°C temperatures, treatment were
subject 0 refreezing at - 10°C for 15 d, and then thawed at +2.5 and +5°C for 18 h, this cycle was repeated 3, 6, and 9 cycles)
on equilibrium solution Fe concentration of five soil major groups (mg kg™')

TABLES
Effects of Fe application and freeze-thaw
Fe application doses FITC Pellustert Argiustoll Haplustept
mg/kg +2.5 +50 +1.5 125 +50 +7.5 +2.5 +5.0 +7.5
0 338¢ 3.95d 426e 431d 414 4.54b 1.96¢ 2294 247
1 4.06a 4.18¢ 443d 4.M0¢ 44% 391¢ 2452 253¢ 268¢
3 3 times 401a 4.80b 587Tb  486b 474 381c 2.45a 293b  358b
6 3d6c 3.68¢ 4.66¢ 5.10a 431b 511a 202¢ 2154 273¢
9 369 5.50a 63%a 4.63¢c  48% 551a 221b 329a  382a
0 4746  4.45¢ 589%a 4.00e 3.8% 4.19¢ 275 258¢  34la
1 469 3.73e 432d 498b 496b 4.70sb 283b 2264 26lc
3 6 times 4.14¢ 4.29d 5.03b 5.10a 484b 481a 2.52¢ 262¢ 307
6 424¢ 4.85b 4.64¢ 46lc S54% 498a 248¢c 284b 272
9 5.75a 5.09a 4.00e 422d 52% 4.61b 344a 304a 239
0 5.60a 4.16d 3.78d 367d 379 497a 3258 241c 219%
1 423d 437 442 4.38¢c 4.2% 492a 256c 264b 267
3 9 times 481c¢ 4.90b 467b  48%  464b 4.21b 294b 2993 286a
6 5.00b 3.90¢ 4.86a 5.14a 472 5.06a 293b 2284 284a
— 9 30le - 5.03a 466b  493b 498 4 86a 180d 30l1a 279
Fe application doses FITC Fluvaquent Calciorthid
mgke +2.5 50 +7.5 +2.5 +50 7.5
0 222¢ 2.14¢ 234c 2.08c 252d 2.70d
1 253  2.41b 2.10d 26 2.78¢ 293¢
3 3 times 2.64a 2.57a 207d 2.60a  322b 3.91b
6 2.65a 2.24¢ 2.66b 2.15¢ 23% 298¢
9 2.46b 2.60a 293a 235b 3.62a 4.17a
0 2.06d 1.97¢ 2.16¢ 292b 284 372a
1 2.68a 26 253sb 301b 2494 285«d
3 6 times 277a 2.63b 261a 2.68¢ 2.8% 3.35b
6 243b 2.84a 259%a 2.63¢  3.12b 297¢
9 225¢ 2.80a 2.46b 3652 334 2.61d
0 1.8%¢ 1.95d 256a 3452 265 23%¢
1 235b 2.30¢ 2.64a 27¢  290b 2.92b
3 9 times 2.66a 2.52b 228b 3.12b 3.2% 3.12a
6 2.68a 2.45b 264a 3.11b 251d 3.10a
9 2.63a 2.65a 25%a 191d  3.31a 3.05a

(Step 2; soil samples obtained from major each soil treated with treated with -10, -15, and -20°C treatment were subject to
refreezing at 10 °C for 15 d, at-5°C far 15 d, and then thawed at +2.5, 5 and 7.5°C for 18 h, this cycle was repeated 3, 6, and

9 cycles) on equilibrium solution Fe concentration of five soil major groups (mg kg')
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High variations were observed in available Fe
levels with applied Fe doses and generally in-
creased available Fe levels were observed with
increasing Fe fertilizer doses. Compared to the
control treatment without any Fe fertilizer applica-
tions, while Fe fertilizer resulted in higher available
Fe levels after 3 and 6 F-T cycles, lower available
Fe levels were observed after 9 F-T cycles.

Depending on freeze-thaw cycles and Fe dos-
es, the highest available Fe content was obtained
from | mg kg™ Fe, 6 F-T cycles and 2.5°C thawing
temperature (6.70 mg kg™) in Pellustert soil onder;
from 9 mg kg™ Fe, 3 F-T cycles and 5.0°C thawing
temperature (5.85 mg kg'') in Argiustoll soil onder;
from 1 mg kg™ P, 6 F-T cycles and 2.5°C thawing
temperature (4.05 mgkg™) in Haplustept soil onder;
from 9 mg kg™ Fe, 3 F-T cycles and 5.0°C thawing
temperature (3.11 mgkg™") in Fluvaquent soil onder;
and finally from 6 mg kg* P, 6 F-T cycles and
2.5°C thawing temperature (3.23 mg kg*) in Cal-
ciorthid soil order.

Fe fertilization afler 3 freeze-thaw cycles was 338
mg kg' 25°C thawing temperature, the value in-
creased to 3.95 mg kg” at 5.0°C and to 4.26 mgkg
at 7.5°C thawing temperatures. Available Fe levels
at three different thawing tempemtures were respec-
tively observed as 431, 414, and 4.54 mg kg” in
Argiustoll soil order; as 1.96, 2.29, and 2.47 mg
kg in Haplustept soil order; as 2.22, 2.14, and 234
mg kg'' in Fluvaquent soil order; as 2.08, 2.52, and
2.70 mg kg™ in Calciorthid soil order. In general,
increased available Fe levels were observed with
increasing thawing temperatures (Table 5).

High variations were observed in available Fe
levels with applied Fe fertilizer doses and generally
increased available Fe levels were observed with
increasing Fe fertilizer doses. Compared to the
control treatment without any Fe fertilizer applica-
tions, Fe fertilizer resulted in higher available Fe
levels after 3, 6, and 9 freeze-thaw cycles. Howev-
er, the highest Fe levels were observed after 3 F-T
cycles and decreases were observed in Fe contents

In the second step, while the available Fe level with increasing F-T cycles (Table 5).

of control treatment of Pellustert soil order without

TABLE6
Effects of Fe application and freeze-thaw

Fe FTTC Pellustert Argiustoll Haplustept

z:l;cazn +2.5 +5.0 +1.5 +100 +25 +50 +715 +100 25 +50 V15 +10.0

—lSTRR
0 407bc 49%a 3Mc 406b 394& 440c 4472 376 236c 286a 2.17d 235b
1 3 383c  346c 323c 367c 426b 487b  413b 48%b 232¢ 209 195¢ 222b
3 imes 432 414b 4816 4126 435 S50  44%  49% 26& 25 29& 252b
6 390¢  4.13b 531a 414b 450b 4184 448% SO8% 228c 242 3.11a 242b
El 536a 363c 537a S534a 54% 445¢ 3.9%b 46lb 320a 217¢ 321a 319
0 393¢  3.01d  331d 393d 460d 39 45Th  460c 228c 180c 191c 228¢
1 6 6492 362¢c 4llc S0lc S06 37la  441b  S2b  392a 2.1% 248 303b
3 domes 397¢ 381k S567b S00c S536b 389a 471b S6Ssh 243c 233 346a 306b
6 455 399 607a 6442 555 3762 524 594 2660 23& 356a 3772
9 391¢ 4532 62Ma 5976 Sl 367a 4.56b 597 234c 271a 373a 357a
0 380e 426c 527c Sl6sb 3.16d 4492 43% S46c 220 247c 3052 29%
1 o 396d 530b 6532 S527a 346c 4Na 526 S576b 240 3206 3952 3.18a
3 imes 2% 526b 525c S13ab 33% 42la 536G 563 321a 321b 320a 313
5 418¢ 6493 555¢ 495h 39b 473a 48b 601a 244 380a 3252 290
9 578s  650s 613b 420c  460s 4K2a S27s  SEb  346a 389a 367a 257c
Fe FTTC Fluvaquent Calcorthd

z:l;dzn +2.5 +5.0 +1.5 4100 425 +50 +1.5 +100

—lSpg
0 203¢ 2276 230b 1.9c¢  2.16c 250c 25lab 216
1 3 229 2623 22c¢ 263a 243b 288ash 242b 292
3 imes 23T  276a 2442 27la 252b 3042 266 301a
6 234 218c 233b 2652 24b 240c 254ab 294
El 292a 237b 211d 245b 3102 261b 230c 2.72b
0 242¢  203b 235¢ 237d 257% 223b 25% 263d
1 6 27% 2006 237¢  28lc  289b 2206 25% 31X
3 dones 291a  211a 256b 307b 30% 2323 280b 341b
6 289a 196b 273a 309 307a 216b 298% 343b
9 27% 195b 243b 3172 289b 215b 265 352
0 163d 231c 222d 281b 173d 254b 242 312
1 o 186c 2532 283b 3102 19% 278a 30% 344
3 imes 1B4c  229c  291a 306sb 195 252b 3.lfa  340e
8 208 246b 253¢ 3132 221b 27la  276b 348
9 250a 257a 280b 299abh 266 283 306 332

(Step 3; soil samples obtained from major each soil treated with treated with -10, -15, and -20°C treatment were subject to
refreezing at-10°C for 15d, at-5°C for 15 d and at 0°C for 15 dthen thawed at +2.5, +5, +7.5 and 10.0°C for 18 h, this cycle
was repeated 3, 6, and 9 cycles) on equilibrium solution Fe concentration of five soil major groups (mg kg'')
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Depending on freeze-thaw cycles and Fe dos-
es, the highest available Fe content was obtained
from 9 mg kg™ Fe, 3 F-T cycles and 7.5°C thawing
temperature (6.39 mg kg™) in Pellustert soil onder;
from 9 mg kg' P, 3 F-T cycles and 7.5°C thawing
temperature (5.51 mg kg'') in Argiustoll soil onder;
from 9 mg kg' P, 3 F-T cycles and 7.5°C thawing
temperature (3.82 mgkg™) in Haplustept soil onder;
from 9 mg kg' P, 3 F-T cycles and 7.5°C thawing
temperature (2.93 mg kg'') in Fluvaquent soil order;
and finally from 9 mg kg' P, 3 F-T cycles and
7.5°C thawing temperature (4.17 mg kg') in Cal-
ciorthid soil order (Table 5).

In the third step, available Fe level of the con-
trol treatment of Pellustent soil order without any Fe
fetilization afler 3 freeze-thaw cycles was meas-
ured as 407 mg kg™ at 2.5°C thawing temperture,
as 494 mg kg’ at 5°C thawing temperature, 3.74
mg kg’ at 7.5°C thawing temperature and 4.06 mg
kg™ at 10°C thawing temperature (Table 6).

Available Fe levels at different thawing tem-
peratures were respectively measured as 3.94, 4.40,
4.47, and 3.76 mg kg” in Argiustoll soil order; as
2.36, 2.86, 2.17, and 2.35 mg kg™ in Haplustept soil
order; as 2.03, 2.27, 2.30, and 1.94 mg kg' in
Fluvaquent soil order; and as 2.16, 2.50, 2.51, and
2.16 mg kg™ in Calciorthid soil order.

Increasing available Fe levels were observed
in all soil orders with increasing Fe fertilizer doses.
Compared to the control treatment without any Fe
fertilizer applications, Fe fertilizers resulted in
higher available Fe levels afler 3, 6, and 9 freeze-
thaw cycles. Decreasing available Fe levels were
observed with increasing freeze-thaw cycles
(Table6).

Depending on the freeze-thaw cycles and Fe
doses, the highest available Fe content was obtained
from 9 mg kg™ Fe, 9 F-T cycles and 7.5°C thawing
temperature (6.50 mg kg™) in Pellustert soil onder;
from 6 mg kg” Fe, 9 F-T cycles and 10°C thawing
temperature (6.01 mg kg'') in Argiustoll soil order;
from 1 mgkg' Fe, 9 F-T cycles and 7.5°C thawing
temperature (3.95 mgkg™) in Haplustept soil onder;
from 1 mg kg’ P, 9 F-T cycles and 10°C thawing
temperature (3.10 mg kg™') in Fluvaquent soil order;
and finally from 6 mg kg* P, 9 F-T cycles and 10°C
thawing temperature (3.48 mg kg™) in Calciorthid
soil order.

DISCUSSION

The present findings indicated that Fe availa-
bility varied with freeze-thaw cycles and increasing
number of cycles resulted in decreasing Fe availa-
bility levels and increasing Fe fixation leves.

Since bactenia activity in soils is slower or de-
creases at low tempemtures, available portions of
plant nutrients in soils also decrease. Bacteria reac-
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tivate at thawing temperatures and consequently
increase available Fe levels of the soils under low
tempenature [26]. Thawing also increases available
nitrogen and phosphorus levels of the soils and thus
plants can take up or absorb these nutrients quite
easily [27]. Awailability of soil nutrients increases
with increasing microbial activity at higher temper-
atures while nutrient leaching or loss through runoff
decreases. Previous researches indicated faster
nutrient absorption by plants after the last thawing
tempemature [28, 29].

Current results revealed that the effects of
freeze-thaw cycles on availability of plant nutrients
varied based on soil charactenistics and climate
conditions. Earlier studies also indicated differences
in soil microorganisms based on soil characteristics
and thus reported signi ficant impacts of freeze-thaw
cycles on availability of soil nutrients [28, 30, 31].

Freeze-thaw cycles may also result in loss of
organic matter, organic cartbon, and some nutrients
[32]. Minemlization conditions speed up with disin-
tegration of organic matter and thus nutrient availa-
bility increases rapidly. However, increasing num-
ber of freeze-thaw cycles not only terminates this
rapid increase in nutrient availability [17, 33] but
also decrease the availability of plant nutrients in
soils [34]. Supporting the results of previous stud-
ies, current findings also indicated that increased
number of freeze-thaw cycles decreased the availa-
ble fractions of plant nutrients in soils and trans-
formed them into inaccessible forms.

Calibration of the processes occurring in soils
under labomatory conditions was attempted.
Throughout steps 1-3, field conditions were simu-
lated as best as possible. Long-term freeze-thaw
temperatures were simulated and similar results
observed both under field and laboratory conditions
[13, 35]. Increasing number of freeze-thaw cycles
decreased available Fe levels of the soils and Fe
fixation capacity increased in 9 freeze-thaw cycles.
However, since the tempemtures are continuously
changing under field conditions, the results of step
3 of the laboratory conditions were found to be
closer to field conditions.

Based on current results, it was concluded that
highland soils were the most susceptible soils
against global warming and climatic change. In-
creasing air temperature has resulted in the nse of
soil temperature and increased the frequency of soil
freezethaw cycles during the winters of cool re-
gions and high altitudes. It was observed in this
study that climate change-induced frequent free-
thaw cycles decreased the available Fe levels of the
soils but increased Fe fixation into the soils. Among
5 large soil orders investigated in this study, the
highest fixation capacity was observed in Cal-
ciorthid soil order and increasing Fe fertilization
dozes and freeze-thaw cycles also supported such
increases in fixation capacities.
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