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Abstract: Tea and hazelnut cultivated soils are mainly distributed in Black Sea region of Turkey. Low pH value is a primary problem
for those soils; therefore, farmers apply lime once every 3-4 years to raise the pH value of soil. Gyttja is highly rich in organic matter
(40.59%) and lime (45.67%), and it is a low cost and considerably abundant in Afsin-Elbistan Coal Basin (estimated reserve is around
4.8 billion tons). The aim of this study was to determine the phosphorus (P) sorption characteristics of gyttja, and its efficiency on P
availability and soil's pH value. Optimum P sorption conditions (pH, temperature, particle size, amount of sorbent and shaking time)
and maximum sorption capacity (b) for gyttja were determined in laboratory condition. Phosphorus was sorbed to gyttja (G,P,) based
on its b value, and the experiment was set as pot experiment according to a comletely randomized factorial experimental design with
five replications. Applications were control (GP), gyttja + P (G P ), sole P (G P ), and gyttja + P (G,P,). The b value obtained from
Langmuir isotherm for gyttja was found as 1.59 mgg™'. The highest available P was obtained at treatment of (G P,). Also, the treatment
G,P, was significantly different (p < 0.01) from the rest of the treatments. Gyttja application increased soil's pH value from 4.86 to 5.74
in a 6-month time period. Therefore, gyttja can be recommended for amending soil acidity and increasing available P contents in acid

soils. Further studies should be conducted in field conditions to increase applicability of the results.
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1. Introduction

Hazelnut and tea cultivation in Turkey is carried out
in Black Sea region. The pH value of 18% of soils in the
Black Sea region is 5.5-6.5, of 12% is 4.5-5.5, and of 4%
is below 4.5 (Eytipoglu, 1999). Farmers apply lime every
3-4 years to increase both pH value of acid soils and plant
nutrients availability. Phosphorus (P) is one of the essential
macro nutrients for optimum growth and development
in plants. The P is involved in numerous physiological
and biochemical reactions occurring in the plant and
constitutes approximately 0.2% of the dry weight of the
plant (Theodorou and Plaxton, 1993).

Phosphorous (P) fertilizers applied to soils with low
soil's pH value react with Fe, Al, and Mn cations and
colloidal Fe, Al, and Mn oxide and hydroxide compounds,
forming P compounds such as Al (OH) 2H,PO, and Fe
(OH) 2H,PO, that cannot have been taken in by plants
(Frossard et al., 2002).

Lime is generally used for amending acid soils. If it
is economical, organic materials can also be used in the
amending of acid soils. Organic materials such as animal
manure, green fertilization, compost, biochar adsorb H,
Fe, Al, and Mn ions and compounds in acid soils and the
concentration of these ions in the soil solution decrease.
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This causes an increase in soil's pH value and, hence, the
available P concentration in the soil also increases (Misra,
1995; Yusran 2010).

Acid soils should be amended to optimize soil's pH
value for hazelnut and to reduce the reaction of applied P
fertilizers with Fe, Al and Mn compounds. In general, the
hazelnut producers in the Black Sea region apply lime in
every 3-4 year to increase soil’s pH value to a reasonable
level (6.0-6.5). In many cases, the relatively high cost of
lime makes it an important hazelnut production input for
producers.

One of the alternative materials that can be used in the
rehabilitation of acid soils is gyttja. It is an organomineral
material and it comprises organic matter (35%-50%)
and lime (30%-40%) (Saltali and Korkmaz, 2015). First
described by the Swedish scientist Hampust von Post in
1862, gyttja was defined as a deposit of chitin remains of
insect skeletons, mollusc shells, organic particles of plant
residues, and a mixture of inorganic particles ranging in
color from grey to blackish and brown. Gyttja, as stated
by many researchers, is also defined as sedimentary
deposits, which are eutrophic due to the abundance of
plants during rainy periods. The deposits are formed by
the sedimentation of decayed materials in oxygen limited
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conditions at the bottom of a lake. Organic matter of the
deposits, which contains the shells of abundant aquatic
creatures, is easily recognized (Myslinska, 2003; Lachacz
etal., 2009)

There are approximately 1.8 billion tons of gyttja
reserves that can be used for agricultural purposes in A
and B power plants (units) in the Afgin - Elbistan Coal
Basin (Yoriikoglu, 1991; Gokmen et al., 1993). Upon C,
D and E units opening for lignite production, the gyttja
reserve will be 4.8 billion tons (Kadioglu et al., 2015). On
the other hand, its high organic matter and lime contents
make it possible to use gyttja as a soil conditioner in acid
soils (Karaca et al., 2006; Saltali and Korkmaz, 2015).
Functional groups (- OH and - NH,) of organic matter
can form a positive charge as protone [(R -OH,)" and R
- (NH,)* ] under low pH conditions, and these positive
charges can adsorb negatively charged orthophosphate
anion (H,PO,)" in acid soils (Misra, 1995).

To obtain the lignite coal to be used the Afsin -
Elbistan Thermal Power Plant, it is necessary to remove
the approximately 10 m thick soil and the parent material,
followed by the 10-15 meters thick gyttja material above
the lignite layer. The excavated gyttja is often used to refill
the mining pits. Currently, the approximate selling price
of gyttja is 2.5 $ ton". Therefore, it can be considered as a
low cost material.

Phosphorus sorption characteristics of gyttja and the
effect on available P content of gyttja and P mixing in acidic
soil conditions have not been studied to date. The aim of
this study was to determine P sorption characteristics of
the Afsin - Elbistan’s gyttja and to evaluate soil’s pH value
and available P contents in acid soils for its usability as low
cost materials.

2. Material and methods

2.1. Materials

Acidic soils taken from the Black Sea region (Persembe,
Ordu City) and a gyttja taken from Afsin - Elbistan Coal
Basin were used in this study. Some physical and chemical

properties of the acidic soil are given in Table 1, and those
of the gyttja are given in Table 2.

The pH value, organic matter and lime contents of
the gyttja area is 7.18, 40.6% and 45.7%, respectively. The
gyttja is composed of two layers: a grey layer comprising
approximately %75 lime and less than 10% of organic
matter and a brown black layer comprising over 60%
of organic matter (Figure la). The materials from the
both of the layers are mixed when excavated with large
excavators. A mixture of gyttja after excavated was used in
the experiment (Figure 1b).

2.2. Methods

2.2.1. Determination of phosphorus (P) sorption
properties of gyttja

The gyttja brought from Afsin - Elbistan Thermal
Power Plant was pounded in porcelain mortars and passed
through 0.42 mm, 1 mm, and 2 mm sieves. A series of
preliminary studies were carried out to determine the
optimum sorption conditions of the gyttja. Therefore,
effects of particle size (0.42 mm, 1 mm, and 2 mm), sorbent
amount (5, 10, 20, 30, 40 and 50 gL"), solution’s pH value
(3,4,5,6,7,8and9), the shaking time (equilibrium time;
0.5,1,2,4, 8,12 and 24 h), and temperature (20, 30, 40 and
50 °C) were investigated.

APsolution of 100 mgL* was prepared, solving KH,PO,
in 0.01 M CaCIL, to determine a proper combination of
particle size, pH value, shaking duration, and temperature
to achieve optimum P sorption by the gyttja. Phosphorous
sorption of the gyttja were characterized by batch
experiments. After determining the optimum conditions
for P sorption for the gyttja, series of sorption isotherms
were determined with different solution P concentrations,
in 0-600 P mgL™" concentration range, using the same
batch experiments.

In the experiments carried out the optimum conditions
for isotherms, the P solution and sorbents placed in
polyethylene bottles were shaken in a shaker at 200 rpm
for 12 h, and the solution was filtered with Whatman
filter (No.42) paper. The sorbed P was calculated from

Table 1. Some chemical and physical properties of the experimental soil.

pH oM Lime Sand Loam |Clay |CEC P K Na Ca Mg
(1/2.5) % Cmolkg! mgkg™!
4.86 2.05 0.79 29 49 22 25 7 30 17 642 256

O.M: organic matter

Table 2. Analysis results of the gyttja material.

pH EC OrganicP | Inorganic P oM Lime Total N
(1/2.5) dSm™ |mgkg! mgkg™ %
7.18 2.61 7 10 40.59 45.67 0.25
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Original view of gyttja (a)

After exavation view of gyttja (b)

Figure 1. Original (a) and after excavation (b) views of the gyttja used in the experiment (Saltali and Korkmaz, 2015).

the difference between the initial and equilibrium
concentrations using the following equations (Equations
1and 2).

q, - &=V 1)
g
Sorption (%) = % x 100 (2)

where, ge is the amount of P sorbed (mgg™) by gyttja, Co
and Ce are the initial and equilibrium P concentration in
solution (mgkg™'), respectively, V is solution volume (L)
and m is weight (g) of the gyttja used in the experiment.

Coeflicients for P sorption energy and maximum P
sorption capacity (b) of the gyttja were determined using a
linear Langmuir isotherm. Commonly used linear form of
Langmuir (Langmuir, 1918) is given in equation 3.

C 1 C

RS ©

q, kb b
where, C is the equilibrium concentration P (mgL™), g,
is the amount of P sorbed by the gyttja (mgg"), b is the
maximum sorption capacity (mgg™), and k is the sorption
energy coefficient (sorption affinity) (Lmg™). Also, the
sorption type (physical or chemical sorption) of P sorbed
by the gyttja was determined using the linear shape (Eq.
4) of the Dubinin-Redushkevich (DR) isotherm (Dubinin
et al., 1947; Ho et al.,, 2002; Donat et al., 2005; Saltal: et al.,
2007).

2.2.2. Pot trials

In the experiment, acid soil (pH: 4.86) taken from the
district of Persembe of Ordu province and the gyttja from
the coal basin of Afsin-Elbistan Thermal Power Plant were
used. The b value (1.59 mgg™) of the gyttja was calculated
from graph slope by using the Langmuir isotherm. Annual
P,O, requirement of hazelnut is approximately 75 kgha™
(Ergin, 2019). From this point of view, the gyttja amount
that needed to adsorb P fertilizers applied to the hazelnut
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annually (75 kg P,O, ha™) was calculated. There are usually
500 hazelnut plants on per hectare (Ergin, 2019). It has
been determined that 40 kg of gyttja would be applied to
each hazelnut bush. Accordingly, the amount of gyttja to be
mixed in each pot was calculated as 24 g (the pot contains
3 kg of soil). Then, according to the annual P requirement
of the hazelnut (75 kg P,O, ha™'), the amount of P needed
3 kg of soil placed in a pot was calculated as 39 mg. To
uniformly apply the amount of P needed for a pot, KH,PO,
was dissolved in purified water and homogeneously mixed
with gyttja and the mixture was dried in room conditions.
The gyttja-P mixture was mixed with the experimental soils
and then used in experiments. The experiment was set up
with five (5) replications according to the factorial trial in
random plots. The treatments were control (GP ), sole
gyttja (G,P ), sole P (G P ) and gyttja-P mixture (G,P,). At
the beginning of the experiment, each pot has been set to
field capacity and the water content of experimental soils
were adjusted to field capacity when needed. The samples
were taken on the 5th, 10th, 15th, 30th, 60th, 90th, 120th,
150th and 180th days, and the available P content and pH
in the soils were determined.

2.2.3. Soil and gyttja analyses

Soil texture was determined with a Bouyoucos hydrometer
(Bouyoucus (1951), pH and EC (dSm™) with glass
electrodes in saturation paste. Lime (CaCO,) was measured
with a Scheibler calcimeter (Allison and Moodie 1965).
Determination of cation exchange capacity (CEC) in soil
samples was carried out as reported by Bower et al. (1952).
Organic matter content was measured according to the
modified Walkley-Black method (Nelson and Sommers,
1996). P content of the gyttja was determined by Olsen
method (Olsen etal., 1954). Available P contents in the soil-
gyttja mixtures were determined according to the method
specified by Bray and Kurtz No: 1 (1945), as soil’s pH value
of the mixtures was less than 6. Extractable potassium,
calcium, magnesium, and sodium were measured by the
method of the ammonium acetate (Helmke and Sparks,
1996).
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2.2.4. Statistical analysis

Analysis of variance (ANOVA) was performed on the data
obtained in the study. Data were evaluated with COSTAT
and MSTATC package programs. The statistical analysis
of the pH-change in the soils was performed by Mann-
Whitney Test in SPSS package program. A null hypothesis
was rejected at the significance level of 0.05 unless specified
otherwise.

3. Results and discussion

3.1. Effect of particle size on phosphorus sorption of gyttja
To find the optimum conditions for P sorption capacity of
the gyttja samples, the effect of particle-size of the gyttja
was first examined. As the particle-size of gyttja becomes
smaller, the P sorption of gyttja increases as seen in Figure
2, which can be attributed to that a decrease in particle-
size of the gyttja results in an increase in its surface area.
A greater surface area stimulates P sorption of gyttja. The
greatest P sorption was obtained in 0.42 mm (29.42%)
particle size. Therefore, particle-size of 0.42 mm was kept
identical in the rest of the experiments.

3.2. Effect of pH value on phosphorus sorption of gyttja

Solution’s pH value affects the anion and cation retention
of the sorbents. We determined solution pH and P sorption

Sorption %
&

0,42 mm

relations in the gyttja (Figure 3). P sorption increased
with increasing pH value, and maximum P adsorption
occurred at pH = 9. At pH values > 9.0, P may precipitate
as Ca-P compounds in the soil. High lime content of the
gyttja (45.67%) may enhance the precipitation of P. Also,
P becomes unavailable for plants in acid soils (pH = 4.5-
6.0) as it reacts with cations such as Fe, Al, Mn or their
hydroxides. In calcareous-alkaline soils, P reacts with
Ca and CaCO, and it undergoes fixation, decreasing P
availability to plants (Samadi and Gilkes, 1999).

In sorption studies, crystallization or precipitation of
the sorbent with the sorbed ion is not desirable. In the P
sorption experiments, KH,PO, was used as the P source
to reduce the probability of P precipitation during mixing
with the P solution with the gyttja. The solution (0.44 g L)
pH of KH,PO, was 6.12. Therefore, the solution’s pH value
was set to 6.12 in the rest of the experiments.

3.3. Temperature effect on phosphorus sorption of gyttja
Temperature is one of the key factors, affecting extent of
ion sorption by gyttja. Temperature effect on P sorption
of gyttja was evaluated at different temperatures (20,
30, 40 and 50 °C) (Figure 4). The results evidenced that
increasing temperature increased the P sorption and
desorption of soils. Similarly, it was reported that sorption

s '\'\0

1 mm 2 mm

Partical Size (mm)

Figure 2. The effect of particle size on P sorption (C; 100 mg L™, shaking time; 4
hours, amount of sorbent; 1 g / 30 mL, temperature; 21 + 2 °C, pH = 6.12)
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Figure 3. The effect of pH on P sorption (CO; 100 mg L, shaking time; 4 h,
amount of sorbent; 1 g/ 30 mL, temperature; 21 + 2 °C, particle size; 0.42 mm)
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and desorption of P increased as temperature increased
(Singh and Jones., 1976). However, in terms of application
and practicality, it was deemed appropriate to carry out the
sorption study at laboratory temperature (21 + 2 °C), since
increasing the temperature of the solution in such studies
will bring additional costs.

3.4. Effect of shaking time on the phosphorus sorption
of gyttja

Longevity of shaking or contact time affects the amount
sorbed by a sorbent. The effect of shaking time on the P
sorption of the gyttja is given in Figure 5, which depicts
that increasing shaking time up to 4 h had no significant
effect on percent P sorption. However, percent P sorption
increased rapidly from 4 h to 12 h. P sorption was 29.1%
for shaking time of 12 h and 29.5% for 24 h. Since the
shaking (equilibrium) time is 0.4% sorption difference
between 12 and 24 h, the 12-h shaking time was chosen as
optimum shaking time to save time and cost.

3.5. Effect of solution concentration on phosphorus
sorption of gyttja

The solution P concentrations and sorption values depicted
that sorption is high at low solution concentrations and

40
35

decreases as the solution concentration increases (Figure
6). Moreover, after P solution concentration 300 mgL™,
sorption starts to increase again. This increase may be
attributed to precipitation reactions rather than sorption
at high concentrations. It was reported that there may
be crystallization and precipitation processes rather
than adsorption in soils with high lime content and high
solution concentrations (Derici et al., 1995).

3.5. Sorption isotherms

Langmuir isotherm is the most commonly used model
in evaluation of adsorption of an adsorptive by sorbent
in equilibrium conditions (Veith and Sposito, 1977; Ho
et al., 2002). With the Langmuir isotherm, the maximum
sorption capacity (b) value of the sorbent can also be
determined. Therefore, determining the b value of the
gyttja for P is important in practice. In this study, linear
Langmuir adsorption model was used to evaluate the
experimental data.

Results are shown in Figure 7, which depicts that R?
value for the fit is 0.95, suggesting that the linear Langmuir
model described the experimental data successfully. The b
value calculated using the slope of the graph was 1.59 mgg™'.

/

30 o

T

Sorption %

20'C 30'C

40'C 50'C

Temperature (°C)

Figure 4. The effect of temperature on P sorption (C;; 100 mg L™, shaking time;
4 h, sorbent amount; 1 g/ 30 mL, particle size; 0.42 mm, pH = 6.12).
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Figure 5. The effect of shaking time on P sorption (CO; 100 mg L', sorbent
amount; 1 g/ 30 mL, temperature; 21 + 2 °C, particle size; 0.42 mm, pH = 6.12).
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Figure 6. The effect of solution concentration on P sorption (Sorbent amount; 1 g
/ 30 mL, temperature; 21 + 2 °C, particle size; 0.42 mm, shaking time; 12 h, pH =

6.12)
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Figure 7. Phosphorus sorption of gyttja according to the Langmuir isotherm
(Sorbent amount; 1 g / 30 ml, temperature; 21 * 2 °C, particle size; 0.42 mm,

shaking time; 12 hours, pH; 6.12)

The same b value was used to determine the amount of
P to be sorbed by the gyttja. Similarly, the Langmuir k
coeflicient (sorption affinity or sorption energy coefficient),
calculated using the intercept of the graph, was 0.043
Lmg. Wolde and Haile (2015) used Langmuir isotherm
to model fertilizer P sorption of soils, they concluded that
the linear Langmuir model successfully described the
experimental data (R* = 0.93). In a study (Yu et al,, 2013)
conducted to evaluate effect of different organic materials
on P adsorption, it was reported that experimental data
were generally compatible with the Langmuir isotherm.
We evaluated chemical and physical binding state
of P sorption by using a linear form of the Dubinin-
Redushkevich (D-R) isotherm as seen equation 4 (Dubinin
et al., 1947; Gonzales-Paradas et al., 1994).
In(q)=1In(q,) - B’ (4)
Where qe is the amount of P sorbed by gyttja (moll™),
qm is theoretically the sorption capacity (molg™), f is the
sorption energy constant (mol?J~?) (Dubinin et al., 1947;
Ho et al., 2002). As seen in Figure 8, the slope of the line

obtained by plotting In qe against ¢ was found to be the
constant p (-7x10 mol?J?), and qm was calculated from
the intercept of the line and found 1.80x10* molg™.

Polanyi potential (¢) was calculated using equation 5.

e=RTIn (1+1/C) (5)
where Ris the gas constant (Jmol'K™), T is the temperature
(K), and Ce is the equilibrium constant of P. Sorption
energy (E) can be calculated using the D-R parameters
using equation 6 (Gonzales-Parodos et al., 1994; Ho et al.,
2002; Donat et al., 2005).

1

T ©

An E value gives information about chemical and
physical sorption. The E value ranges between 1 and 8
kJmol* for physical sorption and 8 and16 kjmol™ for
chemical sorption (Gonzales-Parodos et al., 1994; Ho et
al., 2002; Saltalr et al., 2007). In this study the E value of
for gyttja was 8.45 kjmol™. The data obtained are very
close to the limit values of physical and chemical sorption.
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Therefore, it can be concluded that both of physical and
chemical sorption mechanisms are important in P sorption
by gyttja.
3.6. Incubation experiment
The pH value readings performed in study acid soils
(treatment of G P) at the start and the end of the
incubation experiment. It was observed that the pH value
was 4.86 and did not change during the incubation. In soils
where gyttja and P (G,P,) are mixed, the initial soil's pH
value increased from 4.86 to 5.47, 5.58, 5.64, 5.73 and 5.74
on the 30th, 60th, 90th, 120th and 180th days, respectively.
The difference between the initial pH value of the soils
(4.86) and the pH value of the G P, (5.74) was statistically
significant (p < 0.05). Therefore, the results suggested that
the application of gyttja increased the pH value of study
acidic soils. Similar to our results, Ergin (2019) found that
a soil’s pH value of 5.1 increased to 6.1 after one year and to
5.9 following two years of 20 tonha™ in hazelnut orchards.
We obtained a gyttja P mixture using the P as much
as Langmuir to value (1.56 mgkg), applied the mixture to
study soils. Accordingly, gyttja and P application to the soil

and the change and statistical evaluation of the available
P in the soil depending on the time are shown in Table 3.
As seen in Table 3 that the available P content decreases
depending on time and it is obtained at the lowest 150 to
180 days. In the study, the average highest P content was
found with 9.37 mgkg™"' on the 5th day in soils. The available
P contents in soils between treatment were statistically
significant at the p < 0.01 level. The available P content in
the soils is similar to each other on the 10th, 15th and 30th
days and there is no statistical difference between them.
The next 90th and 120th days were in the same group,
while the 150th and 180th days were in a different group.
As a result, the available P content of the soils decreased
depending on the time and this decrease was found to be
statistically significant (p < 0.01). In a study examining
the time dependent (30, 60, 90, 120, 150 and 180 days)
change of P applied to soils with different properties, it
was reported that the available P content in the soils was
the highest on the 30th day, the lowest on the 180th day,
and the available P contents decreased depending on the
time (Sharpley et al., 1989). Also, in other similar studies on

€2 (x10°) J> mol2

-7 0.0E

2.0E+00

y = -7E-09x - 8.62
R =0.96
-13

4.0E+00 6.0E+00

Figure 8. Evaluation of P sorption by gyttja with D-R isotherm (Sorbent amount;
1 g /30 mL, temperature; 21 + 2 °C, particle size; 0.42 mm, shaking time; 12 h, pH

=6.12)

Table 3. Differences in soil available P contents on days following different P and gyttja applications.

Time (Day)

Treatments |5 10 15 30 60 90 120 150 180 Mean
G,P, 7.31ij | 6.39jklmn | 6.96ykl |7.24ijk | 6.8ijklm |5.66nop |5.45nop | 5.45nop 5.55n0p 6.31d
GP, 8.48fg | 7.16ijk 7.5hi 7.63ghi | 7.23ijk 5.46nop |5.56nop |5.4p 5.420p 6.65¢
G,P, 9.55de |9.32ef 8.78ef | 8.81ef 8.39fgh  |6.85ijklm |6.87ijklm |5.93mnop |6.0lmnop |7.83b
G P 12.15a |10.57bc 11.43ab [10.44cd |8.76ef 7.33ij 7.17ijk 6.35klmno | 6.03lmnop |8.91a
Mean 9.37a | 8.36b 8.67b 8.53b 7.80c 6.33d 6.26d 5.78e 5.75e

G: Gyttja. P: Phosphorus. GP: P < 0.01. LSD = 0.18; Day: P < 0.01. LSD = 0.27; GP x Day: P < 0.01. LSD = 0.11. Means with different

letters in the same column and same row are different at the significance level of 0.01 based on a Tukey test.
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this subject, it was reported that the available P content in
soils decreased over time (Lindsay, 1979; Mengel and Kirby,
2001).

We obtained highest available P content (8.91 mgkg™)
from the treatment of G P, which was significantly (p
< 0.01) different from other applications. The G,P, was
followed by G P, and G P, respectively. The lowest available
P content (6.31 mgkg™) was obtained at control treatment
(G,P,) as seen Table 3.

The interaction effect between the gyttja and P
application and the effects of time-dependent variation on
the available P content was found to be significant at the
P < 0.01 level. The highest interaction value was obtained
on the 5th day in soils where G1P1 was applied. It was
determined that the interaction effect decreased with time
and also the available P in the soil gradually decreased. As
time progresses and the 180th day, the effect of the gyttja on
available P in the soil decreases. When applied by mixing
gyttja and P, the organic matter (40.59%) contained in
the gyttja can react with the Fe, Al and Mn compounds,
which adsorb the P under acidic soil. In addition, the
high content of lime (45.57%) and soil’s pH value increase
from 4.86 to 5.74 may cause an increase in the available P
content in acidic soils. Iyamuremye et al. (1996) reported
that following application of farmyard manure and plant
wastes to acid soils, proton (H) was consumed in microbial
decomposition of organic compounds and decarboxylation
of organic acid anions (R - COO" + H* > R-COOH + CO,),
resulting in an increased soil pH value. Moreover, organic
compounds reacted with Fe, Al and Mn compounds to
precipitate, thus increasing the available P contents in acidic
soils. On the other hand, the addition of organic materials
to soils causes a decrease in P sorption by soil components.
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