CHARACTERIZATION OF MULBERRY STALK BIOCHAR AND ITS IMPACT ON
SOIL NUTRIENTS RELEASE

Abstract

An incubation study was conducted with graded levels of biochar to know the soil
nutrients release till 120 days after incubation at Department of Soil Science and Agricultural
chemistry, University of Agricultural Sciences, GKVK, Bengaluru during 2021. The experiment
consisted of 4 treatments replicated five times and was laid out in a completely randomized
design. The mulberry stalk biochar was characterized and recorded a pH of 8.53 and Electrical
conductivity of 0.39 dS m™. The physical properties like bulk density (0.32 Mg m) and
maximum water holding capacity (93.14 %) were measured. Mulberry stalk biochar had 69.37
per cent of total carbon, 0.89 per cent Nitrogen, 0.22 per cent Phosphorus, 0.65 per cent
Potassium and secondary nutrients like Calcium of 0.96 per cent, 0.48 per cent Magnesium and
0.18 per cent sulphur and micronutrients like Iron (493 mg kg?), Zinc (34.59 mg kg?),
Manganese (94.1 mg kg?), copper (20.55 mg kg*) and boron (33.5 mg kg™) were recorded. It
was observed that with increased levels of biochar application to soil from 5 to 10 t ha’
positively influenced the nutrient release pattern in the soil. Higher primary, secondary and
micronutrients were recorded with application of biochar @ 10 t ha™* (Ts) at 60, 90 and 120 days
after incubation and lower values were recorded in control treatment (Ta).
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Introduction

Efficient use of biomass like crop residues and other farm wastes by converting into a
useful organic source of nutrients (i.e., biochar) is one way to manage soil health and soil
fertility otherwise they are being dumped as waste material. Different crop residues like wood,
mulberry stalk, cob rind and stover of maize, grasses, animal manure, areca husk, etc., could be
used for biochar production. Maize biomass waste is the largest agricultural waste after timber
and rice waste, Mulberry (Morus alba L.) a perennial, deep rooted, fast growing and high
biomass producing foliage plant and is the only source of food for the silkworm (Bombyx
mori) and is grown under varied climatic conditions ranging from temperate to tropics. The
sustainable production of mulberry leaf is entirely dependent on the maintenance of the soil
fertility of mulberry garden through the periodical application of organic sources and inorganic
fertilizers in required quantities. Though lot of mulberry stalk has been generated throughout the

year and therefore conversion of this underutilized mulberry stalks into biochar helps to increase



potential biomass use and to conserve the nutrients apart from effective crop residue
management and this could have a dramatic impact on the society and on agriculture worldwide.

Biochar is a carbon rich organic solid material derived from biomass pyrolysis i.e.,
thermal decomposition of biomass in the absence or limited oxygen condition. During the
pyrolysis process biomass is heated to 250 to 700°C temperature results in the production of
volatile compounds, which are condensed to give bio-oil. The other products produced from
pyrolysis include a gaseous material called "syngas" and carbon (C) rich charcoal material
known as bio-char (Lehmann, 2007).

The left over organic solid biochar in the reactor contain C, O, H, N and ash (Ca and K).
Biochar produced at low temperatures (250 to 400°C) contain C=0 and CH functional groups
that can act as nutrient exchange sites after slow oxidation. These may be better substrates for
mineralization by bacteria and fungi, which have an integral role in nutrient turnover processes
and aggregate formation compared to biochar produced at high temperature (400 to 700°C)
which contain less ion-exchange functional groups due to dehydration and decarboxylation,
potentially limiting its usefulness in retaining soil nutrients.

The importance of biochar for soil improvement is mainly due to its high surface area
and a greater number of micro pores which helps to retain nutrients also provide habitat for
beneficial soil microorganisms. It promotes storage of organic carbon (OC) in soil and it has
characteristic ability to endure in soil with very little biological decay (Lehmann et al., 2006).
It’s incorporation in the soil had been suggested to increase water holding capacity, soil fertility
and enhance agricultural productivity (Ali et al., 2018). It improves soil cation exchange
capacity (Chintala et al., 2014), soil physical properties and as a soil additive along with organic
and inorganic fertilizers. With this backdrop, incubation study was conducted to know the

composition of biochar and the soil nutrient release with application of graded levels of biochar.

Material and methods

Characterization of biochar

The biochar was characterised by various standardized analytical procedures for its
specific physico-chemical properties such as bulk density, water holding capacity, pH, EC and

total elementary composition (Table 1).



Incubation study

To know the dissolution and release of nutrients from biochar, an incubation study was
conducted. One hundred gram of soil was filled in a small plastic cup with graded levels of
biochar and incubated at field capacity for 120 days. The experiment consisted of 4 treatments
replicated five times and was laid out in a completely randomized design. Moisture content was
maintained at field capacity by weighing the cups periodically and weight loss was made by
adding distilled water.

Destructive sampling of soil was done at 30, 60, 90 and 120 days after incubation and
samples were analysed for primary nutrients (nitrogen, phosphorus and potassium), secondary
nutrients (calcium, magnesium and sulphur) and micronutrients (iron, zinc, manganese and
copper) by adopting standard procedures and the results obtained from the analysis are presented

in Table 3. The treatment details of the experiment are given below.
Experimental details

Design : Completely Randomized Design

No. of treatments : 04

No. of replications  : 05

Biochar levels 03 (5, 7.5and 10 t ha?)
Treatment details

T1: Biochar @ 5t hat

T,: Biochar @ 7.5t ha

Ts: Biochar @ 10 t hat

T4: Control (without biochar)

The physical and chemical characteristics of the soil was given in Table 1.

Table 1: Initial chemical properties of the soil

Particulars content




Available nitrogen (kg ha) 261.37

Available phosphorus (P20s kg ha) 35.84
Available potassium (K20 kg ha?) 210.26
Available sulphur (ppm) 15.82
Exchangeable calcium [cmol(p*) kg™ 4.52
Exchangeable magnesium [cmol(p*) kg!] 1.85
DTPA extractable iron (mg kg™) 12.66
DTPA extractable copper (mg kg?) 1.56
DTPA extractable manganese (mg kg?) 491
DTPA extractable zinc (mg kg?) 0.83

Biochar used for the study

Biochar is the C-rich solid product resulting from the heating of biomass in an oxygen-limited
environment. Due to its highly aromatic structure, biochar is chemically and biologically more
stable compared with the organic matter from which it is made. Generally, the properties of
biochar vary widely, depending on the source of biomass used and the conditions of production
of biochar. The biochar used for the study was obtained from mulberry stalk and after the
production, the biochar was ground and sieved through a 2mm sieve. The physico-chemical
characteristics of the mulberry stalk biochar used in this study are presented in the Table 2.

Table2: Physico-chemical characteristics of mulberry stalk biochar

Parameters Value
Bulk density (Mg m™) 0.32
WHC (%) 93.14
pH (1: 2.5) 8.53
EC (dS m™) (1: 2.5) 0.39

Total carbon (%) 69.37




Nitrogen (%) 0.89

Phosphorus (%) 0.22
Potassium (%) 0.65
Calcium (%) 0.96
Magnesium (%) 0.48
Sulphur (%) 0.18
Iron (ppm) 493
Manganese (ppm) 94.1
Zinc (ppm) 34.59
Copper (ppm) 20.55
Boron (ppm) 335

Results and discussion
Physico-Chemical Characterization of mulberry stalk biochar

The locally produced mulberry stalk biochar has been used in the present investigation and
characterised by various standardized analytical procedures for its specific physico-chemical
properties such as bulk density, water holding capacity, pH, EC and total elementary
composition. Representative samples were taken from mulberry stalk biochar. The mulberry
stalk biochar was ground to move through a sieve of 2 mm and tested for various chemical
parameters and findings are shown in Table 2.

The properties of the mulberry stalk biochar used in the present study are greatly varied. The
variation in mulberry stalk biochar’s physico-chemical properties may be due to influence of the
type of feedstock and the temperature of pyrolysis. Similar results were also reported by Gaskin
et al. (2008) and Singh et al. (2010).

The mulberry stalk biochar had shown the lower bulk density of 0.32 g cm™ and higher
maximum water holding capacity of 93.14 per cent (Table 1). Rodriguez et al. (2009) reported
that such lower BD values and higher maximum water holding capacity was recorded in the
biochar produced from woody materials. Brewer et al. (2014) in a study estimated the BD values
of biochar produced from different feedstocks and it ranged from 0.25 to 0.6 g cm collected

from natural fire site.



The biochar of mulberry stalk has a comparatively high pH (8.53) and is organically alkaline
(Table 2). Such higher pH values of biochar were also reported by Gaskin et al. (2008) and
Singh et al. (2010). The high pH of biochar can be attributed to hydrolysis of salts of Ca, Mg and
K. The soluble salt in mulberry stalk biochar was 0.39 dS m™. The carbon content (69.37 %)
was higher in mulberry stalk biochar (Table2). In the coconut shell biochar, Total nitrogen,
phosphorus and potassium amounts were respectively 0.89, 0.22 and 0.65 per cent. Mulberry
stalk biochar contains a total of 0.96, 0.48 and 0.18 per cent respectively of calcium, magnesium,
sulphur respectively. The iron, manganese, zinc, copper and boron concentrations were 493,
94.1, 34.59, 20.55 and 33.5 mg kg, respectively. This is in accordance with the report of
[Rondon et al. (2007) and Emmanuel et al. (2010)].

Incubation study

The results of the incubation study conducted to know the releasing pattern of nutrients

from mulberry stalk biochar in the soil is presented below

Effect of different levels of mulberry stalk biochar on available N release during
incubation period (30, 60, 90 and 120 DAI)

Addition of different levels of biochar to the soil increased the available N at 120 DAI
when compared to 30 DAI. Available N content of soil as influenced by different levels of
biochar was found to be significant at all intervals of incubation except at 30 DAI, while
application levels was found to significant at 60, 90 and 120 DAI. Although, there was a
significant difference in the available N content with different levels of biochar application when
compared to control, the highest N content (281.19 kg ha*) was recorded with application of
biochar @ 10 t ha'* and the lowest (273.88 kg ha) with biochar @ 5 t ha'* at 120 DAI (Table 3
and Fig. 1.).

The available nitrogen content in the soil has been increased with incubation period
because organic matter present in the native soil might have maintained more microbes with
days of incubation and accounted for the increase in available nitrogen content (Singh et al.
2018). The increased mineralization rate of native soil organic matter and increase in soil carbon

content might have contributed for the higher available N content in the soil (Luca et al. 2009).

Effect of different levels of mulberry stalk biochar on available P2Os release during
incubation period (30, 60, 90 and 120 DAI)



Application of different levels of biochar was found to have a significant influence on
available P>Os content at all intervals of incubation (Table 3 and Fig. 1). However, application of
biochar at different levels was found to be non-significant only at 30 DAI. In general, there was
a significant increase in the available P>Os content from 60 DAI to 120 DAI with all the levels of
biochar including control and ranged from 35.36 to 47.75 kg ha®. The highest available P2Os
(47.75 kg ha) was recorded with the application of biochar @ 10 t ha* at 120 DAI and the
lowest (36.08 kg hat) with biochar @ 5 t ha™ at 30 DAI.

Biochar application increased available P2Os content in soil over the incubation period
from 60 to 120 DAI due to increase of mineralization rate in the soil. The nutrient content of
biochars is largely influenced by the type of feedstock and pyrolysis conditions (Singh et al.
2010), whereas the availability of nutrients in biochar is related to the type of bonds associated
with the element involved (Luca et al. 2009 and Yao et al. 2010).

Phosphorus is mainly found in the ash fraction, with pH-dependent reactions and
presence of chelating substances controlling its solubilisation (Luca et al. 2009). The increase in
P availability due to presence of soluble and exchangeable phosphate in biochar and could be
due to the release of soluble P directly from biochar and high ion exchange capacity of biochar
which may alter P availability by providing anion exchange capacity or by influencing the
activity of cations (Ca, Mg, Al, Fe) that interact with P (Venkatesh et al. 2018).

Biochar may also influence the bioavailability of P through several other mechanisms
associated with P precipitation, such as biochar-induced surface sorption of chelating organic
molecules which was also reported by Parvage et al. (2013) and Hass et al. (2012).

Effect of different levels of mulberry stalk biochar on available KO release during
incubation period (30, 60, 90 and 120 DAI)

A significant increase in available potassium content was observed with application of

different levels of biochar at all intervals (Table 3 and Fig. 1).

Available potassium content significantly differed with the application of different levels
of biochar at all intervals except at 30 DAI in the soil. Increase in available potassium content
was observed with increased incubation time recording higher at 120 DAI. Among the treatment
combination, biochar @ 10 t ha recorded higher available potassium content of 230.44 kg ha*
followed by application of biochar @ 7.5 (230.44 kg ha?) and 5 t ha (230.44 kg ha™) and



lowest potassium content (220.24 kg ha') was recorded in the control treatment which is devoid
of biochar at 120 DAI.

The available potassium content of biochar amended soil was significantly increased
with increasing period of incubation time. This might be due to increase in the biochar induced
K transformation in the soil. The rate of biochar had a significant effect on the available
potassium content at all periods of incubation. Increase in the rate of biochar application
noticeably enhanced the potassium availability. This might be due to the fact that biochar
contained at least 0.3 per cent of ash and their application to soils registered an increase in
availability of potassium. The supply of available potassium in biochar is generally higher and
increased potassium availability as a result of biochar application has been reported by Lehmann
et al. (2003).

Effect of different levels of mulberry stalk biochar on exchangeable calcium release during
incubation period (30, 60, 90 and 120 DAI)

The data on effect of different levels of biochar application on exchangeable Ca content
in the soil is presented in Table 4 and Fig. 2. Application of graded levels of biochar showed a
significant effect on exchangeable Ca at 60, 90 and 120 DAI. A continuous increasing trend of
exchangeable Ca content was observed from 30 to 120 DAI and with a maximum at 120 DAI.

The exchangeable Ca content varied with the application of different levels of biochar
over an incubation time recording highest (5.89 cmol (p*) kg™) with the application of biochar
@ 10t ha at 120 DAI and lowest (4.58 cmol (p*) kg™) with biochar @ 5t ha* at 30 DAI

Effect of different levels of mulberry stalk biochar on exchangeable Mg release during
incubation period (30, 60, 90 and 120 DAI)

The data on influence of different levels of biochar on exchangeable Mg content in the
soil is presented in Table 4 and Fig. 2. Exchangeable Mg content in the soil differed significantly
as a result of the application of levels of biochar at all intervals. In general, exchangeable Mg
content showed an increasing trend from 30 DAI to 120 DAI. Changes in exchangeable Mg
content as a result of the application of different levels of biochar over period of incubation

which was ranged from 1.91 to 2.95 cmol (p*) kg™.



The highest exchangeable Mg content was recorded in the treatment which was received
biochar @ 10 t ha™* which was followed by biochar @ 7.5 and 5t ha.

Exchangeable bases of Ca and Mg content in soil varied significantly with the
application of biochar at different levels. Higher exchangeable Ca content in soil was observed
with the application of biochar @ 10 t ha than other two levels of biochar application at 5 and
7.5t hal. Irrespective of levels, application of biochar significantly increased the exchangeable
Ca, Mg and available S content as compared to control. Increase in exchangeable bases in soil
can be attributed to release of basic cations from biochar. This might be due to high porosity and
surface/volume ratio and improved the Ca and Mg availability (Yamato et al. 2006 and Chan et
al. 2007).



Table 3: Effect of different levels of mulberry stalk biochar on available N, P2Os and K20 release during incubation period (30, 60, 90

and 120 DAI)
Available N (kg ha!) Available P2Os (kg ha) Available K20 (kg ha!)
Treatments Days after incubation Days after incubation Days after incubation

30 60 90 120 30 60 |90 120 30 60 90 120
Ti:Biochar @ 5tha! 250.24 | 262.87 | 267.15 | 27388 | 36.08 | 3743 | 40.65 41.59 211.32 218.00 221.72 224.92
T2:Biochar @ 7.5tha' 261.33 | 266.56 | 270.74 | 276.17 | 3571 | 3815 | 4248 43.01 212.64 220.04 22344 227.52
T3:Biochar @ 10t ha' 260.29 | 26761 | 27283 | 281.19 | 3618 | 38.78 | 44.78 47.75 212.36 223.96 226.48 230.44
T4:Control 261.33 | 262.33 | 264.29 | 26733 | 3642 | 3728 | 39.35 40.36 211.96 212.52 217.04 220.24
SEm+ 1.28 1.28 1.73 1.56 0.34 0.32 125 1.87 1.15 1.52 115 1.46
CD@ 1% NS 417 5.65 511 NS 1.07 407 6.11 NS 4.96 3.76 4.76




Effect of different levels of mulberry stalk biochar on available sulphur release during
incubation period (30, 60, 90 and 120 DAI)

Significant influence of different levels of biochar on available S content was
observed in the soil at different intervals (Table 4 and Fig. 2). Application of biochar @ 10 t
ha* recorded higher available S content at 60, 90 and 120 DAI. Available S was found to
increase with increased period of incubation time from 30 DAI to 120 DAI. Of all the
treatments, application of biochar @ 10 t ha! recorded highest available S content in soil
(22.03 mg kg!) at 120 DAI and lowest (17.32 mg kg™) with biochar @ 5 t ha'* at 30 DAL

Sulphur content in the soil varied significantly with application of different levels of
biochar. This may be due the contribution of available sulphur to soil after the mineralization
of organic sulphur in biochar. The results suggest that biochar also improves the
bioavailability of sulphur; which mainly depends on mineralization of organic forms of

sulphur to inorganic form. (Luca et al. 2009).

Effect of different levels of mulberry stalk biochar on DTPA extractable Fe release
during incubation period (30, 60, 90 and 120 DAI)

DTPA extractable Fe content differed significantly with the application of different
rates of biochar at all intervals (Table 5 and Fig. 3). Application of biochar at different rates
differed Fe content significantly at all intervals except 30 DAI. The Fe content showed a
decreasing trend with increased level of biochar application at all intervals. Over a period of
incubation, application of biochar @ 5 t ha™! recorded the highest (13.92 mg kg™) Fe content
at 120 DAI and biochar @ 10t ha recorded lowest Fe content (12.56 mg kg™?) at 30 DAI



Table 4: Effect of different levels of mulberry stalk biochar on exchangeable calcium, magnesium and available sulphur release
during incubation period (30, 60, 90 and 120 DAI)

Exchangeable Ca Exchangeable Mg
(cmol (p*) kg) (cmol (p*) kg) Available S (mg kg™?)
Treatments ] ] ] ]
Days after incubation Days after incubation Days after incubation
30 60 90 120 30 60 90 120 30 60 90 120
T1:Biochar @ 5tha! 458 | 494 | 513 | 520 | 195 | 2.06 | 2.22 | 237 17.32 18.69 | 19.65 | 20.17

T2:Biochar @ 7.5t ha! 4.62 | 5.06 | 5.37 5.61 191 | 2.16 | 2.45 2.72 17.82 1891 | 20.07 21.11

Ts:Biochar @ 10 t ha' 4.61 | 523 | 5.64 5.89 1.96 | 2.23 | 2.56 2.95 17.75 19.78 | 21.14 | 22.03

T4 :Control 4.65 | 473 | 493 5.15 1.94 | 1.96 | 2.04 2.19 17.63 18.12 | 18.96 19.74

SEm= 0.03 | 0.08 | 0.14 | 0.21 0.01 | 0.04 | 0.09 | 0.17 0.11 0.32 0.43 0.54

CD @ 1% NS 0.28 | 0.45 0.68 NS | 0.12 | 0.30 0.56 NS 1.06 1.41 1.78




Effect of different levels of mulberry stalk biochar on DTPA extractable Mn release
during incubation period (30, 60, 90 and 120 DAI)

Among the biochar levels, application of biochar @ 10 t ha recorded lower DTPA
extractable Mn content (4.57 to 4.85 mg kg™) at all intervals (Table 5 and Fig. 3). Application
of biochar increased Mn content from 30 to 120 DAI. Higher Mn content of 4.75, 4.89, 4.98
and 5.12 mg kg was recorded with the application of biochar @ 10 t ha! at 30, 60, 90 and
120 DAI. Application of biochar @ 10 t ha™* recorded significantly lower Mn content of 4.57,
4.79, 4.88 and 4.85 mg kg* at 30, 60, 90 and 120 DAI.

Effect of different levels of mulberry stalk biochar on DTPA extractable Zn release
during incubation period (30, 60, 90 and 120 DAI)

Application of biochar at different rates differed Zn content significantly at all
intervals except 30 DAI. Higher Zn content of soil was observed at 120 DAI (0.81 to 0.98 mg
kg™) and lower at 30 DAI (0.72 to 0.78 mg kg™) over a period of incubation (Table 5 and Fig.
3). Among different treatment combinations, highest Zn content (0.98 mg kg™*) was noticed
with application of biochar @ 5 t ha™* and the lowest (0.70 mg kg™) with biochar @ 10 t ha™*
at 30 DAI.



Table 5: Effect of different levels of mulberry stalk biochar on DTPA extractable iron, manganese, zinc and copper (mg kg*) release
during incubation period (30, 60, 90 and 120 DAI)

Fe(mgkg?) Mn (mg kg?) Zn (mg kg?) Cu (mg kg)

Treatments Days after incubation Days after incubation Days after incubation Days after incubation

30 60 90 120 | 30 | 60 | 90 | 120 | 30 60 90 | 120 | 30 60 90 | 120

Ti:Biochar @5tha! | 1268 | 1325 | 13.63 | 1392 | 475 | 489 | 498 | 512 | 078 | 0.86 | 095 | 098 | 154 | 1.72 | 1.76 | 1.87

T2:Biochar @ 7.5tha? | 12.60 | 13.06 | 13.32 | 1359 | 460 | 487 | 490 | 497 | 077 | 084 | 089 | 092 | 153 | 169 | 1.70 | 1.76

Tsz:Biochar @ 10that! | 12.56 | 1292 | 13.14 | 1326 | 457 | 479 | 483 | 485 | 070 | 0.76 | 0.83 | 087 | 1.51 | 163 | 165 | 1.72

T4:Control 1262 | 1278 | 1292 | 1308 | 463 | 469 | 472 | 478 | 072 | 075 | 079 | 081 | 152 | 154 | 158 | 1.64

SEm+ 009 | 009 | 014 | 018 | 0.10 | 0.02 | 0.03 | 005 | 0007 | 002 | 003 | 003 | 001 | 002 | 003 | 003

CD@ 1% NS | 032 | 045 | 060 | NS [ 009 012 | 017 | NS | 008 | 011 | 010 | NS | 007 | 0.10 | 0.12




Effect of different levels of mulberry stalk biochar on DTPA extractable Cu release
during incubation period (30, 60, 90 and 120 DAI)

Application of different levels of biochar recorded a significant effect on DTPA
extractable Cu content at all intervals except 30 DAI. During study period, higher Cu content
was observed at 120 DAI and lower at 30 DAI (Table 5 and Fig. 3). Over a period of
incubation, significantly higher Cu content (1.87 mg kg™) was recorded with application of
biochar @ 5t ha* at 120 DAI and lower (1.51 mg kg?) with biochar @ 10 t ha™ at 30 DAI.

The variation in micronutrients content in soil supplied with the biochar over control
can be attributed to their physical and chemical properties. Application of biochar at different

levels recorded significant effect on micronutrient content at all intervals.

Higher micronutrients content was observed at 120 DAI and lower micronutrient
status at 30 DAI. With increased level of biochar application, there is a decreasing trend in
micronutrients content with incubation time over control (devoid of biochar). The organic
materials form chelates and increase the availability of zinc. The available manganese status
might be increased because of enhanced solubilisation of manganese due to reduction
potential of manganese and non-complexation by organic ligands. Lentz and Ippolito, (2011)
supported the significant increment in available manganese on biochar addition as biochar
acts as a source of manganese. Hass et al. (2012) reported increase in extractable

micronutrients (Fe, Zn, Mn and Cu) as a result of biochar application.

With increased level of biochar application recorded lower status of micronutrients in
the soil which might be due to the adsorption, possible immobilization and precipitation. As
pH of soil and micronutrients availability was negatively correlated, immobilization and
precipitation of micronutrient occurs in soil and there by recorded lower micronutrient

content in the soil with increased level of biochar application.
Conclusion

Under incubation study, the nutrient status showed a significant increase with increased
level of biochar application in soil. The better results were recorded in the treatment with
biochar @ 10 t ha'* at 120 days after incubation.
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Fig 1. Effect of different levels of mulberry stalk biochar on available N, P2Os and K20 release during incubation period (30, 60, 90
and 120 DAI)
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Fig 2. Effect of different levels of mulberry stalk biochar on exchangeable calcium, magnesium and available sulphur release

during incubation period (30, 60, 90 and 120 DAI)
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Fig 3. Effect of different levels of mulberry stalk biochar on DTPA extractable iron, manganese, zinc and copper (mg kg)

release during incubation period (30, 60, 90 and 120 DAI)






