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Quality of soils of the arid zones with low organic matter can be improved through the application of natural
amendments especially biochar from various available feedstocks. The objective of this study was to evaluate the
impacts of corn residue and poultry manure and their biochars on soil organic carbon (SOC), hot-water soluble
carbohydrates (HWSC), basal soil respiration (BSR),and structural stability determined by HEMC (high-energy
moisture characteristic). A sandy loam soil in pots were thoroughly mixed with 1, 2 and 4% w/w of corn residues
(CR) and poultry manure (PM) feedstock and their biochars prepared at 350 and 650 � C of slow pyrolysis. Maize
seeds were planted in pots and grown until physiological maturity when soil characteristics were measured.
Treatments considerably altered the means of studied soil quality indicators, and increased SOC (1.5–10 times)
and HWSC (1–7 times), and HEMC indices: volume of drainable pores ratio (VDPR, 1.5– 3.5 times), and stability
ratio (SR, 1–3 times). Increasing pyrolysis temperature, regardless of the type and rate of feedstock, significantly
decreased the SOC, BSR and percent of water-stable aggregates, and consequently structural stability indices.
Contribution of both PM feedstock and its biochars was less effective than the CR ones (particularly the biochar
produced at higher pyrolysis temperature), due to elevated sodium adsorption ratio (SAR) associated with higher
slaking, physico-chemical dispersion and lower aggregate and structural stability.

1. Introduction
Soil physical quality is defined as the ability of a given soil to provide
water, aeration and strength for ecosystem and plant. The most impor
tant soil biophysical indices are plant-available water capacity, air ca
pacity, macro-porosity, structural stability, organic carbon content and
respiration (Reynolds et al., 2009). Soil structural stability is related to
the ability of soil to retain this arrangement against various stresses
(Mamedov and Levy, 2013). Aggregate stability is considered an
important indicator of soil structural stability for elucidating many soil
quality and environmental problems (Six et al., 2002). Soil texture, clay
content and mineralogy, Al & Fe oxides and soil organic matter are
important soil properties influencing aggregate and structural stability
(Spaccini et al., 2004; Abiven et al., 2009). Adding different kinds with
various compositions of organic amendments to soils (Bongiovanni and
Lobartini, 2006; Sarker et al., 2018) particularly calcareous soils in arid
and semi-arid regions with low organic matter, is a traditional

managerial practice (Ippolito et al., 2014).
Biochar is a porous, solid and carbon-rich material produced by
various organic feedstocks under thermal treatment (i.e., pyrolysis) and
low or zero oxygen concentration (Verheijen et al., 2010). Biochars
produced by pyrolysis at temperatures between 350 and 700 � C is
preferred for agro-environmental purposes (Atkinson et al., 2010; Tag
et al., 2016), and is considered to be part of the stable soil organic carbon
(SOC) pool when present (Chan et al., 2007). Suitability of biochar for
use as a soil amendment is dependent on conditions prevailing during its
formation and composition, environmental, application use and purpose
(Singh et al., 2010; Onsree et al., 2018). Biochar as an amendment, can
increase soil carbon sequestration, soil structural stability and water
infiltration (Novak et al., 2016), total porosity and water retention
(Ravindrana et al., 2019), and microbial community (O’Neill et al.,
2009; Khadem and Raiesi, 2017). However, biochar characteristics
interact with soil dispersion behavior and hence pore size distribution at
various matric potential ranges (Kumari et al., 2017; Rauber et al.,
2018).
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List of abbreviations and symbols

PM group PM and its biochars in all application rates
WSA (kg 100 kg 1) Percent of water-stable aggregates
WDC (g kg 1) Water-dispersible clay
HEMC
High energy moisture characteristic
h (hPa) Matric suction
θ (g g 1) Gravimetric water content
hmodal (hPa) Modal suction
VDP (g g 1) Volume of drainable pores
C(θ) (|dθ/dh|) Specific water capacity function
SI (hPa 1) Structural index
SR
Stability ratio
VDPR
Volume of drainable pores ratio
Si (|dθ/dh|i, hPa 1) Physical quality index equals to the slope of
HEMC at the inflection point
SiR
Physical quality index ratio

Abbreviation Description
CR
Corn residue
BC 350 Corn residue biochar produced at pyrolysis temperature of
350 � C
BC 650 Corn residue biochar produced at pyrolysis temperature of
650 � C
PM
Poultry manure
BM 350 Poultry manure biochar produced at pyrolysis temperature
of 350 � C
BM 650 Poultry manure biochar produced at pyrolysis temperature
of 650 � C
BC group BC 350 � C and 650 � C in all application rates
BM group BM 350 � C and 650 � C in all application rates
CR group CR and its biochars in all application rates

Due to the complexity and interaction between soil and biochar
characteristics (e.g., soil texture, SOM and microbial community, bio
char feedstock type, application rate and pyrolysis temperature), reports
regarding the effects of biochars on soil properties are complicated
(Novak et al., 2009; Wang et al., 2011, 2017). For instance, Peng et al.
(2011) reported that application of 1% rice straw biochar (produced at
250–450 � C) to a clay loam soil had no significant effect on aggregate
stability. Zhang et al. (2015), who studied application of two biochar
rates (corncob produced at 360 � C) to loamy sand Cambisol, reported
similar results. They concluded that biochar addition increased the SOC
accumulation in macroaggregates (�1–2 mm), and SOC physically
protected within this aggregate fraction (Zhang et al., 2015). Sarker
et al. (2018) noted that biochar incorporation had little effect on ag
gregation in three soil textural types, but that the stability index was
positively associated to carbohydrate fraction of soil amendments. In
contrast, biochar derived from different feedstocks (softwood and wal
nut at pyrolysis of 600–900 � C) increased SOC and microbial activity
and consequently aggregate stability up to 220 and 130%, respectively
(Wang et al., 2017). Herath et al. (2013) reported that biochar appli
cation significantly affected the interaction between aggregate stability,
porosity and saturated hydraulic conductivity. Baiamonte et al. (2019)
found that an increase in biochar rate significantly improved total soil
porosity and structural stability related to an increase in soil specific
surface area by biochar application.
Wet-sieving laboratory tests are the most frequently methods for
evaluating aggregate stability based on percent of water-stable aggre
gates (WSA), mean weight diameter (MWD) and or water-dispersible
clay (WDC) (Canasveras et al., 2010). High energy moisture character
istic (HEMC), which has been used for numerous soils and management
conditions, is a sensitive method of detecting even small changes in
structural stability of soils from arid to humid regions (Levy and
Mamedov, 2002; Hosseini et al., 2015, 2017; Kelishadi et al., 2018).
Linking HEMC indices to various soil management practices, soil type,
properties and conditions, and aggregate sizes are another advantage of
this method (Mamedov et al., 2017; Kelishadi et al., 2018). However,
there is limited data evaluating the influence of incorporating different
biochar (feedstocks type, e.g., poultry litter, corn residue) with various
pyrolysis temperatures on soil structure stability and/or physical quality
(Si) by the near-saturation HEMC procedure (Dexter, 2004; Hosseini
et al., 2015). Furthermore, linking the soil WSA and WDC with HEMC
indices, to biochar characteristics and consequently to SOC accumula
tion, soil pore size distribution and structural stability has not been
examined. Therefore, the objectives of this study were to quantify the
effects of corn residue and poultry manure feedstocks and their biochars
produced at different pyrolysis temperatures (i.e., 350 and 650 � C) on
SOC, basal soil respiration, WSA, WDC and HEMC structure stability

indices, in a pot experiment using a calcareous sandy loam soil in
conjunction with cultivating maize until the maturation growth stage.
2. Materials and methods
2.1. Preparing soil, feedstock and biochar
Sandy loam soil samples (Typic Torriorthents) were collected from
the surface layer (0–30 cm) of an arable land in Isfahan Province, central
Iran (32� 400 2000 N, 51� 130 46.300 E). Each sample was thoroughly mixed,
air-dried and part of it passed through a 2-mm mesh for soil analysis. The
remainder was passed through a 4-mm screen for the greenhouse maize
pot experiment (after mixing with feedstocks and biochars for each
treatment).
Corn residue (stalks, cob and straw) and poultry (broiling chicken)
manure (without bedding straw) were selected as feedstock for biochar
production, because these materials are highly available in the study
area. The raw feedstocks were oven-dried at 40 � C for 24 h, crushed
mechanically and passed through a 0.5-mm sieve. The raw materials
were heated using slow pyrolysis methodology (at a rate of 3 � C min 1)
to 350 and 650 � C temperatures maintaining final temperatures for 2 h
in an electrical furnace under a continuous inflow of N gas (i.e., oxygen
free condition). Biochar and feedstocks at the rates of 0 (control), 1%
(~30 t ha 1), 2% (~60 t ha 1) and 4% (~120 t ha 1) by weight were
completely mixed with air-dried soil, and then poured into pots (5 kg
soil per pot). Maize (Zea mays L. cv. Maxima) was planted in each pot
and soil water content was adjusted to approximately 80% field capacity
throughout the plant growth period. The pot experiment was conducted
in the Greenhouse Research Center at Isfahan University of Technology
under optimal temperature condition (i.e. 18–25 � C) and relative hu
midity (i.e., 42–50%). The soil samples from pots (root zone) were
taken, and plants were harvested at physiological maturity (approxi
mately 3 months after seeding).
2.2. Analyzing soil, feedstock and biochar
Soil texture was measured based on the Stok’s Law using the pipette
method (Gee and Bauder, 1986) and calcium carbonate equivalent
(CCE) by back-titration with NaOH (Sims, 1996). Electrical conductivity
(EC) and pH of soil were measured in the saturated soil extract. The soil
organic carbon (SOC) was determined by a wet-oxidation method
(Walkley and Black, 1934), hot-water soluble carbohydrates (HWSC)
concentration by the phenol-sulfuric acid method, the absorbance of the
extract was determined by spectrophotometry at 490 nm with glucose
standard (Dubois et al., 1956), basal soil respiration (BSR) by
back-titration with HCl (Chen et al., 2000). Total organic carbon (TOC),
2
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Table 1
Equations for calculating high energy moisture characteristic (HEMC) indices.
Index

Equation

Eq. No.

Modal suction (hmodal)
hmodal �

�
1 n

α

1

�1=n

(4)

n

Structural index (SI)
SI ¼

VDP
hmodal

[5]

SIFW
SISW

[6]

Stability ratio (SR)
SR ¼
Volume of drainable pores ratio (VDPR)
VDPR ¼

VDPFW
VDPSW

Physical quality index (Si)
� �
�dθ�
Si ¼ �� �� ¼ ðθs
dh

[7]

�
� 2n
n 1
θr Þ � ðαnÞ
2n 1
�

�
1=
n

[8]

Physical quality index ratio (SiR)
Si R ¼

total nitrogen (N) and hydrogen (H) of materials were analyzed by CHNS
elemental analyzer (vario Max, Elementar, Germany). Labile organic
carbon (C-labile) was determined by the wet-oxidation method and
C-recalcitrant organic carbon (C-recalcitrant) was obtained from the
difference between the TOC and C-labile (Song and Guo, 2012). The pH
and EC of the biochar were measured in the deionized water extract
(1:20 w/w). Biochar yield was then calculated as following:
biochar yield % ¼

mass of biocharðgÞ
� 100
oven dry mass of feedstoakðgÞ

B
� 100
B

SW

A modified version of the HEMC method (Levy and Mamedov, 2002;
Hosseini et al., 2017; Kelishadi et al., 2018) was used to quantify the
contribution of the amendments to alter soil structural stability indices.
In this method, aggregates are wetted either slowly or quickly and then
water characteristic curves at low matric suctions are measured. Five
grams of the air-dry aggregates (0.5–1 mm) were poured into the PVC
cylinders (2 cm diameter and 1.5 cm height) and moistened slowly
(Bearden, 2001) or suddenly (Poch and Antunez, 2010). After the
pre-wetting procedure, aggregates were obtained for different soil
matric suctions (h) in the range of 0–47 hPa (with increments of 2–3
hPa) using a sandbox (Eijkelkamp, Giesbeek, The Netherlands). After
equilibrating at each h, samples were weighed and at the end
oven-dried. Gravimetric water content (θ, g g 1) as a function of h was
evaluated (Hosseini et al., 2017).

(1)

A single-sieve apparatus was used for measuring percentage of
water-stable aggregates (WSA, %) (Murer et al., 1993). The undisturbed
rhizosphere soil was gently crumbled and passed through the sieves of 1
and 0.5 mm, and 4 g of 0.5–1 mm aggregates were placed on a 0.25-mm
sieve in wet-sieving apparatus, rolling up and down 5 min in distilled
water. The water-stable aggregates, sand fraction and biochar stayed on
the sieve while the weaker aggregates passed through it. The remaining
materials on the sieve were oven-dried at 105 � C for 24 h and weighed.
Then, the oven-dried materials were placed on the same sieve and
immersed 5 min in 0.1 mol sodium hexametaphosphate to break down
the water-stable aggregates. The sand fraction and biochar that
remained on the sieve was oven dried at 105 � C for 24 h and weighed
again and WSA was calculated as follows (Burrell et al., 2016):
A
W

[9]

FW

2.4. Describing the high-energy moisture characteristics method

2.3. Determining water-stable aggregates and water-dispersible clay

WSA% ¼

Si
Si

2.5. Calculating the HEMC indices
The procedures described by Mamedov and Levy (2013), Hosseini
et al. (2015, 2017) and Kelishadi et al. (2018) were followed to deter
mine the HEMC indices (Table 1). The curves were obtained by the
modified van Genuchten equation [Eq. (3)], for which the fitting pa
rameters were derived with fitting Eq. (3) to the measured HEMC data
using the non-linear optimization technique of Microsoft Excel Solver
(Microsoft Corporation, Redmond, Washington State, US):
� �

(2)

θðhÞ ¼ θr þ ðθs

Where, A is the mass of water-stable aggregates, B is the mass of sand
and biochar remaining on the sieve and W is the initial mass of soil.
Water-dispersible clay (WDC, g kg 1) was determined by the micropipette method proposed by Burt et al. (1993). The values of WDC
were reported based on the original soil weight.

θr Þ½1 þ ðαhÞn �

1
n

1

þ Ah2 þ Bh þ C

(3)

In Eq. (3), θs and θr are pseudo saturated and residual water contents
(g g 1), respectively, θs and θr cannot be physically interpreted in terms
of saturated and residual water contents (Pierson and Mulla, 1989), α
(hPa 1) and n (dimensionless) represent the location of the inflection
point and the steepness of the water retention curve. The coefficients A
(hPa 1), B (hPa 1) and C (g g 1) are the quadratic terms added by
Pierson and Mulla (1989) to improve model fitting to the HEMC data.
3
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To calculate the volume drainable pores (VDP, g g 1), the first de
rivative of Eq. (3) as a specific water capacity function [C(θ) ¼ |dθ/dh|]
was used. The area bound by the pore shrinkage line (2Ah þ B) and
specific water capacity, was calculated using trapezoidal numerical
integration as VDP. Modal suction (hmodal, hPa), the matric suction at the
peak of the C(θ) function and corresponds to the most frequent pore size,
was calculated by equating the second derivative of Eq. (3) to zero (e.g.,
Hosseini et al., 2015), and was obtained using Eq. (4) (Table 1). Struc
tural index (SI) was calculated as the ratio of VDP to hmodal (Eq. (5),
Table 1). Stability ratio (SR), the ratio of SI values of fast-wetted (SIFW)
to slow-wetted (SISW) samples (Eq. (6), Table 1), was used to compare
the stability of aggregates on a relative scale of 0–1 (Collis-George and
Figueroa, 1984; Pierson and Mulla, 1989; Mamedov and Levy, 2013).
The VDP ratio (VDPR) was also calculated as an alternative index for
assessing aggregate stability (Eq. (7), Table 1), derived from the rate of
the VDP values for fast-wetted (VDPFW) to slow-wetted (VDPSW) samples
(Levy and Mamedov, 2002; Hosseini et al., 2017). Similar to the soil
physical quality index, S proposed by Dexter (2004), the physical quality
index (Si, hPa 1) at low suction is equal to the absolute value of the slope
at the inflection point of HEMC, and was obtained by Eq. (8) (Hosseini
et al., 2015), and finally the SiR similar to SR was calculated by Eq. (9)
(Table 1).

Table 3
Selected properties of the feedstocks and their biochars.
Variables

Unit

CR

BC350

BC650

PM

BM350

BM650

OC

kg 100
kg 1
kg 100
kg 1
kg 100
kg 1
–
–
kg 100
kg 1
kg 100
kg 1
dS m 1
–
%

42.5

59.5

65.6

39.6

48.6

47.0

6.0

4.2

1.4

5.7

3.4

1.1

1.8

2.7

1.9

4.3

4.9

2.9

23.6
7.1
41.9

22
14.2
28.6

34.5
46.9
4.4

9.2
6.9
39.2

9.9
14.3
28.1

16.2
42.7
6.6

0.6

30.9

61.2

0.4

20.5

40.4

3.8
4.2
–

4.2
7.4
39.3

5.9
10.6
28.3

4.2
6.0
–

4.7
9.9
44.6

9.2
12.2
33.2

H
N
C/N
C/H
OC-labile
OCrecalcitrant
EC (1:20)
pH (1:20)
Yield

OC: organic carbon, H: hydrogen, N: nitrogen, C/N: carbon to nitrogen ratio, C/
H: carbon to hydrogen ratio, OC-labile: potassium dichromate C, OCrecalcitrant: difference between total C and C-labile; CR: corn residue, PM:
poultry manure, BC and BM: biochars of corn residue and poultry manure pro
duced at 350 and 650 � C, respectively.

2.6. Statistical analysis
The experiment was performed as a completely randomized design
for 19 treatments and in three replicates. Treatments were: 1) control, 2)
corn residue and its biochar produced at the temperatures of 350 and
650 � C by three application rates of 1, 2 and 4% based on weight, and 3)
poultry manure and its biochar with similar pyrolysis temperatures and
application rates to the corn treatment. Analysis of variance (ANOVA)
and means comparisons between the treatments (LSD test at P < 0.05)
were performed using statistical software SAS v. 9.4 (SAS Institute,
2008). The t-test was used for comparing among the two groups of
biochars and pyrolysis temperatures. Pearson pair-wise correlations
were used to examine the relations between the aggregate and structural
stability indices and soil properties. The data for the plants (maize) re
sponses to the respective treatments are not reported in this manuscript.
3. Results and discussion

Fig. 1. The labile or recalcitrant OC in feedstocks and biochars (the percent
ages are calculated relative to the TOC values in each treatment).

3.1. The measured characteristics of soil, raw feedstock and biochars

Sadaka et al., 2014; Intani et al., 2018). Song and Guo (2012) showed
that at pyrolysis temperatures higher than 400 � C, a large amount of N is
lost as N2O, NO, NO2 and low molecular weight organic nitrogen.
The two main factors related to biochar stability, carbon sequestra
tion and thus soil quality are the relative proportions of recalcitrant and
labile carbon values and the H/C ratio in biochars (Tag et al., 2016). At
the 350 � C pyrolysis temperature, the labile OC was around 50% and
60% for the corn residue and poultry manure biochars, respectively
(Table 3). This proportion of TOC decreased considerably with
increasing pyrolysis temperature to 650 � C causing the OC-recalcitrant
to be elevated. Consequently, the amount of OC-recalcitrant at the BC
650 and BM 650 biochars were around 93% and 86% of TOC (Fig. 1).
The higher pyrolysis temperature (650 � C) results in more stable
carbon and thus proper C sequestration (Table 3). Enhancing of C/H

The soil used in this study was a calcareous sandy loam with low
salinity, moderately alkaline reaction and relatively low organic matter
content (Table 2). Total organic carbon (TOC) in the corn residue and its
biochars was generally higher than poultry manure and its biochars
(Table 3). Converting the raw materials to biochars and increasing the
pyrolysis temperature raised the amount of TOC in both groups. The
TOC content was respectively increased by 40 and 23% for corn residue
and poultry manure, following the alteration of the raw feedstock to
biochar at 350 � C. However, the TOC was changed remarkably by
increasing pyrolysis temperature from 350 to 650 � C in corn residue (a
slight increase) and poultry manure. Higher temperature caused a loss in
hydrogen (H) due to increasing the degree of carbonization and loss of
nitrogen (N) content because of vaporization of N-including compounds.
These results agreed with previous studies (Al-Wabel et al., 2013;
Table 2
Some properties of the studied soil.
Soil Classification

Textural class

Clay
g kg

Typic Torriorthents

Sandy loam

192

Silt

Sand

CCE

SOC

1

ECe
dS m

273

535

425

CCE: calcium carbonate equivalent, SOC: soil organic carbon, ECe: electrical conductivity of saturated extract.
4

2.25

0.94

pHe
1

7.9
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ratio with increasing pyrolysis temperatures was consistent with the
above-mentioned results (Table 3). Higher C/H ratio indicates the loss of
aliphatic-C and centralization of aromatic-C (Windeatt et al., 2014).
Poly-condensed aromatic-C has stable structure and is increased at
higher pyrolysis temperature (Novak et al., 2009; Song and Guo, 2012;
Tag et al., 2016). These results confirmed the consequences obtained
from the FTIR analysis (unpublished data).
The EC for the corn residue and its biochars (CR group), respectively,
ranged from 3.8 to 5.9 dS m 1 but for the poultry manure and its bio
chars (PM group) the range was from 4.2 to 9.2 dS m 1. The pH values
also ranged between 4.2 and 10.6 for the CR group and 6 to 12.2 for the
PM group (Table 3). These results indicated that both EC and pH were
notably higher in the PM group (Table 3) and increased twice with the
pyrolysis temperature for both CR and PM groups (Table 3). The higher
values of EC and pH in biochars produced at higher pyrolysis tempera
ture (650 � C) are related to an increase in the percentages of alkaline
cations (e.g., Naþ, Kþ, Ca2þ, and Mg2þ) for both groups (Singh et al.,
2010). Song and Guo (2012) also reported a wide pH range in poultry
litter biochar (i.e., 9.5 to 11.5) by increasing pyrolysis temperature from
300 to 600 � C. Yields of BC and BM biochars were decreased about 40%
and 34%, respectively, by raising temperature from 350 to 650 � C
(Table 3). This probably is as a result of losing volatile organic materials
at higher pyrolysis temperatures (Muradov et al., 2012). Onsree et al.
(2018) reported about 67–81% decreasing in weight of corn residue
pellet and eucalyptus wood chip at pyrolysis temperature of 800 � C.

temperature (Table 4). In all treatments, BSR was higher in the raw
feedstocks than in their biochars. No significant differences were
observed between the control (20 mg CO2 kg 1) and BC-650 1, 2% and
BM-650 1% treatments. Similar to SOC, BSR was not affected by the two
biochar groups according to a t-test analysis (i.e., BC and PM). However,
contribution of pyrolysis temperatures to BSR was significant (P < 0.05)
(Fig. 2). Increasing the pyrolysis temperature lowered the BSR in both
biochar types with this being more drastic in the CR group (Table 4).
This probably is due to, production of toxic compounds like polycyclic
aromatic hydrocarbons (PAH) (Zimmerman et al., 2011) increasing the
adsorption of unstable organic carbon due to high specific surface area,
and negative surface charges at high temperature pyrolysis (Khadem
and Raiesi, 2017).
Hot-water soluble carbohydrates (HWSC), that usually constitutes
5–25% of SOM in most soils (Ratnayake et al., 2013), are major labile
and available components of SOC and mainly derive from plant exudates
and microbial biomass (Bongiovanni and Lobartini, 2006). Therefore,
with an analogy to SOC, the HWSC content in the treatments increased
with the feedstock application rate and decreased with the increment in
pyrolysis temperature (Table 4, Fig. 1). Despite of stability of biochar,
and its resistance to microbial decomposition, the biochars produced at
low temperature can be considered as sources for microbial nutrients
due to their high TOC and OC-labile contents (Table 3). Besides, great
specific surface area of biochars helps in supplying safe habitat for mi
crobial communities (Ippolito et al., 2014; Khadem and Raiesi, 2017).
The BSR as well as HWSC for the raw feedstocks treatments were much
higher than their biochars (Table 4), showing that not only SOC content
but the type and composition of these compounds are also important.
Analogously, Khadem and Raiesi (2017) reported that, the measured
microbial attributes were greater in the feedstocks than biochars treat
ments and declined with increasing pyrolysis temperature.

3.2. The effects of feedstock and biochar treatments on SOC, BSR and
HWSC
Adding both types of feedstocks and their biochars tended to increase
soil organic carbon (SOC) content, with this being slightly more effective
in the CR feedstock and BC group, compared to the control (Table 4).
When the application rate increased from 1 to 4%, the SOC for the BC
350 and BC 650 treatments was raised by 170 and 60% and for the BM
350 and BM 650 by about 200 and 100%, respectively. The highest SOC
increase was observed for the BC 350 4% treatment (Table 4), which
might be related to a higher OC value in its biochar (Table 3). Regardless
of the feedstock’s type and rate of application, biochars produced at low
temperature (350 � C) resulted in a higher OC than those produced at
high temperature (650 � C) (Fig. 2). This could be due to the differences
between the type and chemical quality of OC in biochars produced at
various pyrolysis temperatures. A large fraction of OC in biochar pro
duced at 650 � C is stable C-aromatic, while the portion of the stable and
unstable carbon in the biochar produced at 350 � C is almost equal (see
Fig. 1). Our results are in agreement with the findings of Ouyang et al.
(2014), who demonstrated that biochars produced at 300 � C resulted in
markedly more SOC compared to those produced at 700 � C.
Basal soil respiration (BSR), as an indicator of soil microbial activity,
was also significantly affected by the treatments. BSR increased with (i)
higher feedstock application rate and (ii) lower biochar pyrolysis

3.3. The effect of treating soil with feedstocks and their biochars on soil
aggregate stability
Biochar in soil significantly affected the percent of water-stable ag
gregates (WSA %) and water dispersible clay (WDC) (Table 5, Fig. 3).
The WSA% for the BM-650 in all application rates and BM-350 4% were
lower than the control. Sarker et al. (2018) found that due to lack of
oxygen-containing functional groups and condensed aromatic structure;
maize stalk biochar produced at 550 � C did not affect aggregate stability.
The WDC values were significantly lower in the amended soils (except
for the BM-650 2 and 4% treatments) than the un-amended soil
(Table 5). The results of t-test showed that WSA was greater in the BC
group (57%) compared to the BM group (37.7%) while the trend for the
WDC is opposite. Greater WDC values found in the PM samples could be
due to a greater SAR in this group (Fig. 4). Generally, arid and semi-arid
soils with SAR ranging from 2 to 10, the WDC increases and hence the
WSA decreases considerably (Shainberg and Letey, 1984). This is also
shown by the significant positive correlation between the WDC and SAR

Table 4
The effects of raw feedstocks and their biochars on soil organic carbon (SOC), basal soil respiration (BSR), and hot-water soluble carbohydrates (HWSC).
Properties
SOC (g kg

Rate, %
1

)

BSR (mg CO2 kg 1)

HWSC (g kg

1

)

0
1
2
4
0
1
2
4
0
1
2
4

Control

CR

BC-350

BC-650

PM

BM-350

BM-650

5.5jk
8.4g
13.2d

11.3e
17.2c
30.5a

4.8kl
5.4jk
7.5gh

4.7kl
6.8hi
12.0e

9.6f
18.2c
29.3b

3.8lm
6.3ij
7.5gh

168c
240b
460a

90e-g
96d-g
116de

32jk
48jk
80f-i

128d
208c
449a

62g-j
80f-i
108d-f

52h-k
72g-i
84e-h

0.84gi
1.47c
2.94a

0.71i-k
0.95e-i
1.31cd

0.52jk
0.77h-j
1.16d-f

0.79h-j
1.23c-e
2.49b

0.67i-k
0.87f-i
1.14d-g

0.41k
0.71i-k
1.05d-h

m

2.8
–
–
–
20k
–
–
–
0.43k
–
–
–

For each property, numbers with the same letters are not significantly different (LSD, P < 0.05).
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Fig. 2. a) Soil organic carbon (SOC), b) stability ratio (SR), C) basal soil respiration (BSR) d) water dispersible clay (WDC) as affected by the pyrolysis temperature of
biochar (i.e., 350 and 650 � C). For each index, the bars labeled with different letters are significantly different (LSD, P < 0.05).
Table 5
Effect of treatments on soil sodium adsorption ratio (SAR) and water-dispersible clay (WDC).
Properties
1 0.5

SAR (meq L

WDC (g kg

)

1

)

Rate, %

Control

0
1
2
4
0
1
2
4

1.77 f-h
–
–
–
135.5a
–
–
–

CR

BC-350

BC-650

PM

BM-350

BM-650

1.48gh
1.36h
1.45gh

1.67f-h
1.37h
1.43gh

1.77f-h
1.43gh
2.03e-g

2.25ef
2.62e
3.55d

4.27c
4.61c
7.15b

4.27c
6.56b
9.69a

98.6d-f
96.4d-g
87.9fg

104.8b-d
92.2e-g
86.4g

103.7b-d
94.8d-g
98.9d-f

106.2b-d
96.3d-g
85.8g

100.4c-e
105.8b-d
111.5bc

113.5b
135a
135.9a

For each property, numbers with the same letters are not significantly different (LSD, P < 0.05).

(r ¼ 0.61, P < 0.01) and negatively significant correlation between WSA
with SAR (r ¼ 0.70, P < 0.01).
A recent review paper by Blanco-Canqui (2017) showed that
although a few non-significant effects of biochar on aggregate stability
were reported, generally biochar application increased WSA by
21–226% and MWD by 4–58%. However, these effects can vary with soil
texture and biochar type (Blanco-Canqui, 2017). The positive relation
ship between WSA and HWSC (r ¼ 0.44, P < 0.01) indicated that HWSC
has important role in aggregate stability. Kavdir et al. (2005) also
showed that carbohydrate is positively correlated with aggregate
stability.
Increasing pyrolysis temperature, regardless of biochar type and
rates of application, increased the amount of WDC and decreased SR
(Fig. 2). This probably is due to the decreasing content of SOC and BSR
in soils treated by the biochars produced at 650 � C. Kumari et al. (2017)
reported that WDC increased with addition of biochar to soil basically

because of altering chemistry of soil solution and was strongly related to
the concentrations of exchangeable monovalent cations. In our study,
the negative and significant correlations between SR, VDPR, SiR and
WSA with WDC and the positive significant associations between SR,
VDPR, SiR and WSA reflect corresponding trends for these aggregate
stability indices.
The highest amount of SAR was observed for the BM-650 4% treat
ment (Table 5). As pyrolysis temperature increased, the concentration of
elements such as P, K, Na and Ca also increased which is in agreement
with the findings of Al-Wabel et al. (2013). Sodium disperses soil ag
gregates at SAR values greater than 5, particularly in coarse-textured
soils from arid and semi-arid regions (Amezketa, 1999; Levy et al.,
2003). For both feedstocks and biochar groups, SAR increased as the
application rate was increased. This is more pronounced and significant
only in the BM group. Therefore, a significant difference between the
two biochar groups was observed (i.e., SAR ¼ 6 vs. SAR ¼ 1.6) (Fig. 4).
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Fig. 3. The effect of treatments on percentage of water-stable aggregates (WSA). The bars labeled with different letters are significantly different (LSD, P < 0.05).

3.4. The effect of feedstock and biochar treatments on HEMC indices

higher OC content of the corn residue could be the reason for higher soil
water retention in this treatment (Table 3). Addition of both feedstocks
(CR and PM) had more pronounced effect on VDPFW (i.e., severe slaking)
as compared to the VDPSW (i.e., minimum slaking). The amount of
VDPFW in the CR was also higher than in the PM treatments (Table 6);
therefore, it can be concluded that the structure of soil amended with
corn residue is more stable than of poultry manure against slaking and
aggregate breakdown.
The HEMC stability indices (i.e., SR and VDPR) are significantly
different among the studied treatments (Table 6, Fig. 4, P < 0.05), and
correlated well with WSA. The greatest value for the SR was observed for
the BC 350 4% treatment. With exception of few samples of PM treat
ments, the SR values for all samples (BC and BM groups) were signifi
cantly higher than the control (Fig. 6). The SR values increased in the CR
group (except for BC-650 4%) with increased feedstock and biochar
application rates while the trend for the PM group was reversed (Fig. 6).
Probably this is because of remarkably increased SAR in the PM group
and non-significant changes for the CR group (Table 5). An increase of
SOC with an increment in the rate of application could also be another
reason for the higher amount of SR in the CR group. This is also
confirmed by the positive and significant correlation between SOC and
SR (r ¼ 0.30, P < 0.05) and negative and significant correlation between
SR and SAR (r ¼ 0.30, P < 0.05). Ouyang et al. (2014) found that the
biochar produced from dairy manure at 500 � C enhanced the formation
of macroaggregates in sandy loam and silty clay soils.
The SR and VDPR both are considered as alternative indices for
aggregate stability. The value of SI is mainly controlled by the VDP in
both rates of wetting, so soils with larger VDPFW values would also have
larger SIFW (Table 6). Consequently due to the direct relation between
SR and SIFW, this would also increase the SR. The significant and positive
correlation between SR and SIFW (r ¼ 0.70, P < 0.05) but no-significant
correlation with SISW leads to our focus on the fast wetting rate part.
There was also a positive correlation between the VDPFW and SIFW (r ¼
0.78, P < 0.01). Similarly, Hosseini et al. (2017) reported that adding
tall fescue residue to soils increased the aggregate stability, especially in
the fast-wetted aggregate samples.
The mean values of SR in the feedstocks and its biochars indicated
that SR values were not significantly different in the CR group between
corn residue and its biochars produced at 350 � C with the same rate of
application (Fig. 6), but with increasing the pyrolysis temperature from
350 to 650 � C, the SR values were reduced. In the PM group, biochars in
both pyrolysis temperatures resulted in greater SR values than the
poultry manure (as feedstock) treatment. These results showed that

Examples of high energy moisture characteristics (HEMC) and C(θ)
curves for the slow-wetted samples with intermediate rate of application
(control, and 2% of CR, BC-350 and BC-650, and PM, BM-350 and BM650) showed that the shape of the water retention curves and hence
HEMC indices were affected by the treatments (Fig. 5). Differences be
tween the curves were attributed to the various degrees of soil aggre
gation and its resistance to breakdown mechanisms (Table 6), associated
with clay hydration, impact of entrapped air in pores and heterogeneous
swelling (Amezketa, 1999; Mamedov et al., 2017). Following aggregate
breakdown, a greater number of smaller particles are formed and sub
sequently producing more small pores and lower structural stability. The
result of this changing in pore-size distribution was the changing/de
creasing in VDP and other HEMC stability indices (Table 6) (Hosseini
et al., 2015; Kelishadi et al., 2018). For the BC 650 and BM 650 treat
ments, the water retention at saturation and all other points on curve
were higher compared to the low temperature-produced biochars
treatments (Fig. 5). The difference between the curves could be associ
ated with the biochar type, and greater specific surface area and porosity
of biochar, modifying the pore (e.g. aggregate) size distribution pattern
and alteration of macro-to meso- and micropores (Obia et al., 2017;
Hardie et al., 2014) and hence causing notable changes to VDP (Table 6,
Fig. 4).
The effects of biochar on C(θ) curves were more pronounced in the
fast comparing to the slow wetting samples; the VDPFW values in 350 � C
produced biochars were higher than in the 650 � C produced biochars
(Table 6). This was related to the greater structural stability and
aggregate resistance to slaking, associated with higher SOC and HWSC
as binding agents linked to high microbial respiration or soil microbial
population (Table 4). In the manure group treatments, besides the high
temperature, greater SAR can also be a factor reducing aggregate sta
bility in BM 650 treatments (Table 6). The slow-wetted HEMC curves
(Fig. 5) in BM 650 at the h range 0–10 hPa (pore size > 300 μm), in BM
350 and BC in the two pyrolysis temperatures at the h range of 0–6 hPa
(pores size > 500 μm) had higher water content than the fast-wetted
HEMC curves (graphs not shown). This is related to the higher amount
of macropores and apparent macro-aggregates and more structural
stability in slow-wetted samples (Mamedov et al., 2017).
The HEMC curves of the fast wetting rate in all h values for the CR
were located higher than for the PM treatments. A similar pattern was
also seen for the slow wetting rate (especially near saturation) but that
gradually decreased toward h of 30 hPa (Fig. 5). The porous nature and
7
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Fig. 4. t-test analysis: a) Stability ratio (SR), b) Si ratio (SiR), c) volume of drainable pores ratio (VDPR), d) water-dispersible clay (WDC), e) percentage of waterstable aggregates (WSA), and f) sodium adsorption ratio (SAR) for the two groups of biochar, BC (corn residue biochar) and BM (poultry manure biochar). Different
letters stand for significant different (t-test, P < 0.05).

converting PM to biochar can increase the soil structural stability.
Baiamonte et al. (2015) used the HEMC method for describing the ef
fects of poplar wood biochar on aggregate stability. Their results indi
cated that increasing application rate of biochar has a linear and direct
relation with SR values. Increasing the amount of variables like VDP,
field capacity and available water content were reported as additional

benefits of adding biochar to soil (Baiamonte et al., 2015).
In our study, the absolute value of the slope at the inflection point of
HEMC (Si) was used as a measure of the soil physical quality as well as
the structural stability index. The SiR (ratio of Si values of fast-to slowwetted aggregates) as a new index of aggregate stability and similar to
SR, means that its higher values are in association with improved
8
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Fig. 5. Examples of high energy moisture characteristics (HEMC) of slow-wetted aggregates and corresponding specific water capacity (|dθ/dh|) curves of a) Control,
CR (2%), BC-350 (2%), BC-650 (2%), b) Control, PM (2%), BM-350 (2%), BM-650 (2%), c) and d) their specific water capacity curves.
Table 6
Means’ comparisons of physical quality index (Si) ratio (SiR), VDP ratio (VDPR), stability index (SIFW) and volume of drainable pores (VDPFW) for fast-wetted ag
gregates, VDPSW and SISW with the same concept for slow-wetted aggregates.
Treatments

Rate

SiR

VDPR

SIFW

%
Control
CR
BC-350
BC-650
PM
BM-350
BM-650

0
1
2
4
1
2
4
1
2
4
1
2
4
1
2
4
1
2
4

hPa
j

0.313
0.510ef
0.532de
0.616b-d
0.503e-g
0.648ab
0.717a
0.492e-h
0.629bc
0.483e-h
0.408hi
0.417g-i
0.542c-e
0.540de
0.481e-h
0.441f-i
0.648ab
0.480e-h
0.389ij

j

VDPFW
1

gg
h

0.192
0.570ab
0.430d-g
0.629a
0.400f-h
0.560a-c
0.594ab
0.399f-h
0.518b-d
0.480c-f
0.314hi
0.344g-i
0.561a-c
0.462d-f
0.428e-g
0.411fg
0.510b-e
0.399f-h
0.292i

0.0014
0.0026e-g
0.0051b
0.0074a
0.0026e-g
0.0041bc
0.0034c-e
0.0032c-f
0.0023f-h
0.0027ef
0.0024e-h
0.0024e-h
0.0026e-g
0.0038cd
0.0027ef
0.0028d-f
0.0040bc
0.0026e-g
0.0016gh

For each property, numbers with the same letters are not significantly different (LSD, P < 0.05).

9

1

SISW
hPa

j

0.012
0.022gh
0.033c-e
0.059a
0.023gh
0.033cd
0.028c-g
0.025d-h
0.027d-h
0.031c-f
0.020hi
0.025e-h
0.045b
0.032c-e
0.025e-h
0.025e-h
0.035c
0.023 f-h
0.012ij

VDPSW
1

gg
h-l

0.0048
0.0042j-l
0.0070b-d
0.0097a
0.0049g-l
0.0059d-h
0.0043i-l
0.0057d-i
0.0039 kl
0.0067 b-e
0.0070 b-d
0.0080b
0.0063 c-g
0.0064 c-f
0.0055 e-j
0.0067 b-e
0.0074bc
0.0051g-l
0.0035l

1

0.061c-f
0.041h
0.075bc
0.096a
0.057d-h
0.059c-f
0.047f-h
0.064c-e
0.051e-h
0.065b-de
0.065b-e
0.073b-d
0.081ab
0.069b-d
0.058d-g
0.061c-f
0.070b-d
0.059c-f
0.042gh

N. Saffari et al.

Journal of Environmental Management 261 (2020) 110190

Fig. 6. Effect of treatments on soil stability ratio (SR). Different letters stand for significant different (LSD, P < 0.05).

structural stability (Hosseini et al., 2015). Significant and positive cor
relations of SR with SiR (r ¼ 0.73, P < 0.01), and of SiR with VDPR (r ¼
0.75, P < 0.01) confirmed that SiR can be used as a valuable index for
probing aggregate stability for assessing and verifying the validity of
HEMC indicators. Our results were in agreement with the reports of
Hosseini et al. (2015), who also reported significant correlation between
SiR and SR. The t-test results indicated that the effects of two groups of
the biochars on SR, SiR and VDPR were significant, regardless of the rate
of application and pyrolysis temperature. The values of the indices SR,
SiR and VDPR for the BC were respectively 17.5, 16.5 and 18% greater
than those for the PM group (Fig. 5a, b,c). Positive and significant cor
relation between SR and VDPR reveals that VDPR similar to SR may be
considered as a useful index of aggregate stability.
The overall effects of treatments were more pronounced on the
VDPFW than on the VDP,SW due to the minimum slaking in the slowwetted samples. The significant correlation between VDPR and VDPFW
(r ¼ 0.70, P < 0.01) and non-significant correlation between VDPR and
VDPSW supported this conclusion. Omondi et al. (2016) performed a
meta-analysis for quantifying the effect of biochar on soil properties and
reported that biochar amendments increased soil porosity on average by
8.4% and aggregate stability (as quantified by MWD) by 8.2%. Crop
residue biochar for improving aggregate stability (11.7%) was selected
as suitable feedstock for this purpose. They observed no differences
between pyrolysis temperatures.
The results indicated that biochars produced at 350 � C had higher SR
values than those produced at 650 � C. A similar trend was observed for
SOC and BSR (Fig. 6, Table 4). The greater values of SR, SOC and BSR in
the soils treated with biochars produced at 350 � C compared with those
produced at 650 � C were, respectively, increased by 18.6, 229 and 50%.
This might be linked to the effects of higher SOC values in the soils
treated with biochars of low temperature and a greater portion of Clabile in these biochars (Fig. 6, Table 4). The positive and significant
correlations of SOC with HWSC (r ¼ 0.29, P < 0.05) and between HWSC
and BSR (r ¼ 0.91, P < 0.01) confirmed that HWSC, as the unstable and
available SOC component, indirectly affects aggregate stability by
€gel-Knabner (2005) sup
improving BSR. The findings of Leifeld and Ko
ported this conclusion. Although there was no significant correlation
between HWSC with SR and SiR, HWSC could affect some of the indices
of aggregate stability especially SIFW and VDPFW, and may be associated
with differences in response of soil to biochar types. This is corre
sponding to the significant correlations of 0.51 and 0.72 of HWSC with

SIFW and VDPFW. The correlation coefficients of HWSC with SISW and
VDPSW were lower, 0.44 and 0.53, respectively. Sarker et al. (2018)
reported that carbohydrate fractions such as O-alkyl C and di-O-alkyl C
were positively associated with aggregate stability indices.
4. Conclusions
The raw corn residue and poultry manure feedstocks and their bio
chars produced at two typical pyrolysis temperatures could change some
soil biophysical properties and structural stability. Comparing with
biochars of poultry manure, corn residue biochars especially those
produced at low pyrolysis temperature (350 � C) were shown to be more
suitable for enhancing soil aggregation and structural stability. Ac
cording to the t-test analysis there were no significant differences be
tween 2 and 4% rate of biochar application. Therefore, corn residue
biochars at 2% and poultry manure biochars at 1% of application rates
are recommended for more effectiveness on soil structural stability. This
conclusion is based on the evaluation of HEMC indices (i.e., SI, SR, and
VDPR), percent of water-stable aggregates (WSA) and water-dispersible
clay (WDC). Generally, for most measured characteristics, not much
preferences were recognized between the feedstocks and the associated
biochars during the three-month period of this experimental work.
However, adding biochar to soil as remediation treatments had the ad
vantages of increasing SOM and consequently improving soil carbon
sequestration. In addition, recalcitrant structure of the biochar might
improve soil structural stability over the mid- and long-term periods. A
need exists for mid- and long-term, field-scale studies on the effects of
biochar type and application rates on soil health and crop yields, so that
production guidelines and quality standards can be developed for bio
chars derived from a range of feedstocks for our study region. It is rec
ommended that for the future research, biochars surface chemistry and
functional groups be performed with precise and relevant methods.
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