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� Biochar was used to provide alternative recalcitrant carbon source in the soils.
� Additions of different designer biochars may have variable effects on biomass and nutrient uptake of winter wheat.
� Designer biochars did improve both aboveground and belowground biomass and uptake of winter wheat.
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In the Coastal Plains region of the United States, the hard setting subsoil layer of Norfolk soils results in
low water holding capacity and nutrient retention, which often limits root development. In this region,
the Norfolk soils are under intensive crop production that further depletes nutrients and reduces organic
carbon (C). Incorporation of pyrolyzed organic residues or ‘‘biochars’’ can provide an alternative recalci-
trant C source. However, biochar quality and effect can be inconsistent and different biochars react dif-
ferently in soils. We hypothesized that addition of different designer biochars will have variable effects
on biomass and nutrient uptake of winter wheat. The objective of this study was to investigate the effects
of designer biochars on biomass productivity and nutrient uptake of winter wheat (Triticum aestivum L.)
in a Norfolk’s hard setting subsoil layer. Biochars were added to Norfolk’s hard setting subsoil layer at the
rate of 40 Mg ha�1. The different sources of biochars were: plant-based (pine chips, PC); animal-based
(poultry litter, PL); 50:50 blend (50% PC:50% PL); 80:20 blend (80% PC:20% PL); and hardwood (HW).
Aboveground and belowground biomass and nutrient uptake of winter wheat varied significantly
(p 6 0:0001) with the different designer biochar applications. The greatest increase in the belowground
biomass of winter wheat over the control was from 80:20 blend of PC:PL (81%) followed by HW (76%), PC
(59%) and 50:50 blend of PC:PL (9%). However, application of PL resulted in significant reduction of
belowground biomass by about 82% when compared to the control plants. The average uptake of P, K,
Ca, Mg, Na, Al, Fe, Cu and Zn in both the aboveground and belowground biomass of winter wheat varied
remarkably with biochar treatments. Overall, our results showed promising significance for the treat-
ment of a Norfolk’s hard setting subsoil layer since designer biochars did improve both aboveground/be-
lowground biomass and nutrient uptake of winter wheat.

Published by Elsevier Ltd.
1. Introduction

Norfolk soils in the southeastern U.S. Coastal Plain region have
meager soil fertility characteristics because of their sandy textures,
acidic pH values, kaolinitic clays and with depleted organic carbon
contents. For more than 150 years, Norfolk soils of the southeast-
ern U.S. have been cultivated for row crops, particularly winter
wheat, corn and cotton (Novak et al., 2009a,b; Gray, 1933). Most
of these agricultural soils are highly weathered Ultisols (Boul,
1973; Gardner, 1981). Extensive clay mineral weathering and clay
eluviations along with intensive leaching of bases and high levels
of exchangeable Al (Daniels et al., 1978; Gamble and Daniels,
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Table 1
Selected soil chemical and mineralogical properties of the soil used in the study.

Soil properties Norfolk soil

1. Physical
Sand (g kg�1) 807
Silt (g kg�1) 167
Clay (g kg�1) 26

Soil texture Loamy sand
Bulk density (Mg m�3) 1.5
Porosity (%) 44
Penetration resistance (MPa) 1.1

2. Chemical
pH 5.93
C (g kg�1) 5.81
N (g kg�1) 0.82
P (mg kg�1) 20.3
K (mg kg�1) 121.5
Ca (mg kg�1) 244.5
Mg (mg kg�1) 54.7
Na (mg kg�1) 29.6
Al (mg kg�1) 83.0
Fe (mg kg�1) 10.7
Cu (mg kg�1) 0.18
Zn (mg kg�1) 3.8
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1974) has promoted the formation of a hard setting subsoil layers
(E horizon). These soil characteristics severely limit fertility and
crop productivity, which leaves few management options for
improvements (Novak et al., 2009a).

An additional issue with farming in the sandy Coastal Plain is
the formation of a hard setting subsoil layer. In the Norfolk soil
series, for example, the hard setting subsoil layer results in low
water holding capacity that impedes root development.
According to Mullins et al. (1990), hard setting soils are soils that
are hard, structureless mass during drying and are thereafter dif-
ficult or impossible to cultivate until the profile is rewetted. There
are at least three agronomic limitations of hard setting subsoil
layer in the Norfolk soils: difficulty in producing a good tilth; con-
straints to seedling emergence; and constraints to root growth. It
is generally accepted that compaction restricts root growth and
crop production. Oussible et al. (1992) have shown that root
penetration in deep soil layers was hampered by subsurface com-
paction. Excessive soil compaction impedes root growth and
therefore limits the amount of soil explored by roots (Ahmad
et al., 2009).

As a counter measure to these soil limitations, the Natural
Resource Conservation Service and the Agricultural Research
Service have developed soil and water conservation management
practices (i.e., deep tillage, deep disruption, etc.) for these soils that
promote productivity (Novak and Busscher, 2012). Unfortunately,
the beneficial effects of tillage are temporary; deep disruption
must be done annually (Busscher et al., 2000; Carter et al., 1996).
It has been postulated that increasing the organic C content of
the hard setting subsoil layer may promote soil aggregation and
root penetration. The soil organic C levels are concentrated at the
surface or deteriorate in the hot, wet weather (Wang et al., 2000;
Parton et al., 1987). An ideal organic carbon-enriched amendment
for these soils would be one that is long-lasting and increases
aggregation, fertility and water retention (Novak and Busscher,
2012). Recently, Laird (2008) described how a long-lasting technol-
ogy could be adopted as a management strategy to revitalize soils.
In South America, pre Columbian Amazonian inhabitants improved
their infertile soils by applying biochars (Lehmann et al., 2006;
Glaser et al., 2002). Carbon in the form of biochar is resistant to
degradation, having remained in tropical Amazonian soils for cen-
turies (Steiner et al., 2007).

Biochars have been produced from a wide variety of organic
materials including forestry and crop residues, paper mill sludge
and poultry waste (Chan and Xu, 2009). The influence of biochar
on soil properties and crop productivity is likely to vary signifi-
cantly among biochars because biochar’s effectiveness are gov-
erned by biomass sources and pyrolysis conditions (Chan et al.,
2007, 2008; Gaskin et al., 2008; Chan and Xu, 2009; Nguyen
et al., 2010). Accordingly, biochars quality can be variable and
different biochars react differently in soils (Sigua et al., 2014;
Novak and Busscher, 2012). Novak et al. (2009b) recognized that
biochars could be designed with specific chemical and physical
properties to target specific soil deficiencies. He perceived that
a biochar could be designed to improve the tilth of a hard set-
ting subsoil layer. Since one biochar type will not resolve all
issues in all soils, there is a need to conduct additional research
on the efficacy of designer biochars in improving biomass and
nutrient uptake of crops grown in soils especially with hard set-
ting subsoil layer. We hypothesized that the addition of different
designer biochars to a hard setting subsoil layer will have
variable effects on biomass and nutrient uptake of winter wheat.
The objective of this study was to investigate the effects of
multiple designer biochars on biomass and nutrient uptake
of winter wheat (Triticum aestivum L.) grown in Norfolk soil with
hard setting subsoil layer.
2. Materials and methods

2.1. Soil and site description

The Norfolk soil series (fine loamy, kaolinitic, thermic, Typic
Kandiudult) was used in the study. This soil is classified as an
Ultisols order (US Soil Taxonomy) that formed in extensively
weathered Coastal Plain marine sediments with the clay fraction
dominated by kaolinite. The Norfolk is a well drained soil located
in upland landscapes (Daniels et al., 1978). This soil was collected
from the Clemson University, Pee Dee Research and Education
Center, Darlington, South Carolina. The collection site has a long
history of row crop production (>30 yrs), which in 2007, was con-
verted to switchgrass (Panicum virgatum) production.

The hard setting subsoil layer of the Norfolk was collected by
removing the top 0–15 cm Ap horizon using a front-end loader.
Using a shovel, soils were collected between 15 and 40 cm soil
depths. The soil samples were air-dried; and then passed through
a 2 mm sieve to remove plant material and large aggregates.
Particle size analyses were carried out using the hydrometer
method (Soil Characterization Laboratory, The Ohio State
University, Columbus, Ohio). The organic carbon (SOC) and total
nitrogen (TN) contents of Norfolk subsoil were measured using a
LECO Truspec analyzer (LECO Corp., St. Joseph, Michigan). Table 1
summarized some selected soil physical and chemical properties
of the soil used in the study.
2.2. Feedstock description, biochar production, and characterization

The three feedstocks were consisted of pine chips (PC), poultry
litters (PL) and hardwoods (HW). The blending, pelletilization and
pyrolysis procedures that were followed in this study were
reported in the early paper of Sigua et al. (2014) and Novak et al.
(2014). Biochars were produced from each of the pelletized feed-
stocks using a slow pyrolysis procedure at 350 �C (Cantrell and
Martin, 2012). Each pelletized biochar particle had a length of
between 10–20 mm and diameter of about 6–8 mm.

Hardwood biochar was also used in this study for comparison.
The HW biochar was processed to <0.5 mm particle size to test if
smaller size biochar was more effective at improving the hard set-
ting subsoil layer. The HW biochar was manufactured from oak and
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hickory hardwood sawdust using fast pyrolysis at 500 �C. It had a
14% ash content, an O:C ratio of 0.22, and a surface area of
0.75 m2 g�1. The pH was determined in a 2:1 (water:solid) ratio
using distilled water after stirring for 24 h. Ash content of the bio-
char was determined using ASTM methods for wood charcoal
(600 �C). Selected chemical properties of the biochars used in the
study are presented in Table 2.
2.3. Scanning Electron Microscopic (SEM) Imaging and Energy
Dispersive Spectroscopy (EDS) of Biochar Samples

The PL was suspected to contain excessive plant nutrients and
salts (Novak et al., 2014), thus images were collected from its sur-
face using a scanning electron microscope (SEM) (JEOL 6500;
Tokyo, Japan) at the University of Minnesota-Surface
Characterization Laboratory. The biochar was attached to the
SEM mount by an adhesive pad (PELCO Tabs™, Ted Pella, Inc.
Redding, CA), and then dried at 105 �C for 24 h to remove trapped
water vapor. The PL biochar was then stored under vacuum until
analysis. The EDS data was collected from the observed surface
precipitated salts to assess their qualitative chemical composition
(Thermo-Noran Vantage system). There was no surface coating
used for this imaging.
2.4. Experimental design and experimental set-up

Experimental treatments consisted of control, 50:50 blend of
pine chips (PC) and poultry litters (PL); 80:20 blend of PC and PL;
PL (100%); and PC (100%). The blending ratios of the PC:PL were
chosen to reduce the amount of nutrients and other salts poten-
tially causing burns to the wheat plants (Novak et al., 2014). The
treatments were replicated four times using pots that were
arranged in a completely randomized block design. Biochars were
added to Norfolk’s hard setting subsoil layer at the rate of
40 Mg ha�1. Each pot also received blanket applications of
45 kg N ha�1, 60 kg P ha�1 and 80 kg K ha�1 before planting. This
application rate was chosen because previously published work
identified it as suitable rate for obtaining significant improvement
in fertility characteristics of a Norfolk’s Ap horizon (Novak et al.,
2009a,b). Each pot was planted with 14 wheat seeds (Pioneer,
Variety: 26R20) following the two rows in crossing pattern
(7 seeds row�1). Each pot received about 0.32 cm of irrigation
Table 2
Selected chemical properties of the different designer biochars that were used in the
study.

Propertiesa Biochars sources

Pine
chips
(PC)

Poultry
litter (PL)

50:50
Blend
(PC:PL)

80:20
Blend
(PC:PL)

Hardwood

C (g kg�1) 786 511 636 757 662
N (g kg�1) 3.8 38.5 34.2 13.0 3.0
C:N Ratio 207:1 13:1 19:1 58:1 221:1
Na (lg g�1) 150.8 21620.0 10414.0 4117.0 480.0
Mg (lg g�1) 1252.0 15030.0 7680.0 3628.0 741.0
Al (lg g�1) 365.0 1098.0 708.0 435.0 420.0
Si (lg g�1) 300.0 920.0 930.0 646.0 –
P (lg g�1) 592.0 315.7 17074.0 6275.0 200.0
K (lg g�1) 3014.0 69380.0 33971.0 14434.0 6237.0
Ca (lg g�1) 3621.0 49366.0 23080.0 13829.0 5164.0
Mn (lg g�1) 110.7 1072.0 559.0 264.6 113.0
Fe (lg g�1) 623.0 3290.0 1622.0 2407.0 2046.0
Cu (lg g�1) 19.6 288.1 147.5 63.5 9.1
Zn (lg g�1) 70.9 1253.0 563.5 251.1 6.7
Surface

area
(m2 g�1)

47.5 25.9 69.3 16.8 –

a Data reported in this table were first reported by Novak et al. (2009a,b).
water day�1 using an automatic sprinkler system for the first three
days. To account for warmer seasonal temperature, the irrigation
rate was gradually increased to about 0.64 cm after five days and
further increased to about 1.1 cm of irrigation water per day there-
after. Half of the required irrigation water was delivered in the
morning (9 am) and the remaining half amount was delivered in
the afternoon (2 pm). Greenhouse temperature and relative
humidity were measured daily in order to monitor the need for
any supplemental irrigation if needed. Downy mildew occurred
on some plants, so fungicides treatments (Tebustar�) were used
at the rate of 0.3 L ha�1 on day 25 and on day 40.

2.5. Weekly growth and harvesting of aboveground and belowground
biomass

Growth measurements of winter wheat were taken weekly by
measuring height of the plants. Plants were harvested by cutting
the aboveground biomass from the surface of the soil. Freshly cut
aboveground biomass was oven-dried at 60 �C for about 48 h.
Belowground was separated from the soil by soaking the entire
pot in a bucket of water followed by several washing to detach
the soil from roots. The belowground biomass was also
oven-dried at 60 �C for about 48 h. Both the aboveground and
belowground biomass were weighed and prepared for tissue anal-
yses as described below.

2.6. Tissue analyses of aboveground and belowground biomass

Both the aboveground and belowground biomass was ground to
pass through 1-mm mesh screen in a Wiley mill. Ground samples
were digested in an auto-block using a mixture of nitric and per-
chloric acid and were analyzed for tissue P, K, Ca, Mg, Cu, Fe, Al,
and Mo concentrations using an Inductively Coupled Plasma
(ICP) spectroscopy. Nutrient uptake of winter wheat tissues was
calculated using Eq. (1) for the aboveground uptake and Eq. (2)
for the belowground uptake.

NUN; P; K; Ca; Mg; Cu; Fe; Al and Mo ¼ ½CNN; P; K; Ca; Mg; Cu; Fe; Al and Mo�
� DMYAboveground ð1Þ

where NU = nutrient uptake (kg ha�1); CN = concentration of nutri-
ents (%); DMYAboveground = dry matter yield (kg ha�1).

NUN; P; K; Ca; Mg; Cu; Fe; Al and Mo ¼ ½CNN; P; K; Ca; Mg; Cu; Fe; Al and Mo�
� DMYBelowground ð2Þ

where NU = nutrient uptake (kg ha�1); CN = concentration of nutri-
ents (%); DMYBelowground = dry matter yield (kg ha�1).

2.7. Statistical analysis

To determine the effect of the different designer biochars on
biomass and nutrient uptake of winter wheat grown in soils with
hard setting subsoil layer, data were analyzed with a one-way
ANOVA using PROC GLM (SAS Institute, 2000). For this study,
F-test indicated a significant (p 6 0:05) effect, so means of the dif-
ferent designer biochars were separated following the procedures
of Least Significance Differences (LSD) test, using appropriate mean
squares (SAS Institute, 2000).

3. Results

3.1. Aboveground and belowground biomass

Aboveground biomass and belowground biomass of winter
wheat are shown in Fig. 1. These biomass components of winter
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Fig. 1. Average aboveground biomass and belowground biomass of winter wheat as
affected by the different designer biochars. Means of aboveground biomass are
significantly different (p 6 0:05) when superscripts located at top bars are different.
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wheat varied significantly (p 6 0:0001) with the different designer
biochar applications. Application of 80:20 blend of PC and PL pro-
duced the greatest aboveground biomass (1711 kg ha�1), below-
ground biomass (2511 kg ha�1) and total biomass (4222 kg ha�1)
of winter wheat. The least amount of aboveground biomass
(252 kg ha�1), belowground biomass (243 kg ha�1) and total bio-
mass (496 kg ha�1) were all observed from winter wheat that
was fertilized with 100% PL.

Winter wheat that was treated with different designer biochars
resulted in significant (p 6 0:001) increase in the aboveground bio-
mass over the control except for the application of 100% PL. The
percent increase of aboveground biomass is as follows (Fig. 1):
80:20 blend of PC:PL (68%) > 50:50 blend of PC:PL (55%) > PC
(36%) > Hardwood (31%). Application of PL biochar at 40 Mg ha�1

had reduced the aboveground biomass of winter wheat by 75%
when compared with the untreated winter wheat (Fig. 1).
Overall, the aboveground biomass of winter wheat did not vary
among the 80:20 blend of PC:PL (1711 kg ha�1), 50:50 blend of
PC:PL (1574 kg ha�1) and HW (1331 kg ha�1), but were statistically
different from the control (1016 kg ha�1). Quite interestingly, our
results have shown that all the biochar treatments, including the
control had significantly higher aboveground biomass over the
application of PL to winter wheat (Fig. 1).

The greatest percent increase in the belowground biomass of
winter wheat was from 80:20 blend of PC:PL (81%) followed by
HW (76%), PC (59%) and 50:50 blend of PC:PL (9%). Application of
PL resulted in a significant reduction of belowground biomass by
about 82% when compared to the control plants (Fig. 1). The
belowground biomass of winter wheat did not vary among the
application of 80:20 blend of PC:PL (2511 kg ha�1), PC
(2207 kg ha�1) and hardwood (2418 kg ha�1). However, the above-
ground biomass production from these three biochars were signif-
icantly higher when compared with the application of 50:50 blend
of PC:PL (1515 kg ha�1), PL (243 kg ha�1) and the control
(1389 kg ha�1). Overall, our results have shown the favorable effect
of different designer biochars on the aboveground biomass of win-
ter wheat grown in Norfolk’s hard setting subsoil layer (Fig. 1).

The total biomass of winter wheat did not vary significantly
among 80:20 blend of PC:PL (4222 kg ha�1), HW (3749 kg ha�1)
and PC (3589 kg ha�1). Application of different designer biochars
except for PL had favorably increased total biomass of winter
wheat over the control. Percent increased in total biomass as
shown in Fig. 1 is as follows: 80:20 blend (76%) > HW (56%) > PC
(49%) > 50:50 blend (28%). Application of PL at 40 Mg ha�1had
reduced the total biomass production of winter wheat by about
79% (Fig. 1). The average total biomass production of winter wheat
without biochar treatment was about 2405 kg ha�1 while the aver-
age total biomass of winter wheat treated with PL was about
496 kg ha�1. Except for the negative effect of PL, results again have
shown the favorable effect of applying designer biochars in
improving the total biomass of winter wheat grown in soils with
hard setting subsoil layer.
3.2. Aboveground and belowground nutrient uptake

Table 3 shows the average nutrient uptake of winter wheat’s
aboveground and belowground biomass. Overall, the nutrient
uptake in wheat’s aboveground and belowground biomass varied
widely among the different biochar treatments (p 6 0:001). The
average uptake of P, K, Ca, Mg, Na, Al, Fe, Cu and Zn in both the
aboveground and belowground biomass of winter wheat also var-
ied remarkably with biochar treatments.

Winter wheat treated with 80:20 blend of PC and PL had the
overall greatest aboveground and belowground nutrient uptake.
This application had improved the aboveground uptake of winter
wheat for P, K, Mg, Na, Cu and Zn by 462%, 119%, 76%, 228%, 65%
and 9%, respectively when compared with the uptake of winter
wheat without biochar treatment. Application of 80:20 blend of
PC and PL had improved the belowground uptake of winter wheat
for P, K, Ca, Mg, Na, and Cu by 180%, 106%, 118%, 165%, 70%, and
550%, respectively when compared with the uptake of winter
wheat without biochar treatment. Overall, our results have shown
the favorable effect of using blended feedstocks for biochar appli-
cation in enhancing nutrient uptake of winter wheat (Table 3).
4. Discussion

Results of our study have demonstrated the favorable and ben-
eficial effects of added biochars on biomass productivity and nutri-
ent uptake of winter wheat grown in Norfolk soil with hard setting
subsoil layer. Our results support our hypothesis that addition of
different designer biochars will have variable effects on biomass
and nutrient uptake of winter wheat. The huge variability in phys-
ical structures and chemical compositions of the different biochar
materials (100% PC, 100% PL, 80:20 PC:PL, 50:50 PC:PL and 100%
HW) in our study may have had led to quite different effects on
biomass productivity and nutrient uptake of winter wheat. Our
results also suggest favorable effects of blending the different bio-
char feedstocks to form different designer biochars. Blending of
80% PC and 20% PL has shown promise for tuning the physiochem-
ical characteristics of biochar from a mix of feedstocks (Jassal et al.,
2015). Biochars quality can be variable and different biochars react
differently in soils (Novak and Busscher, 2012). Therefore, we
acknowledge that biochars can be designed to match soil condi-
tions to enhance and/or improve soil fertility while increasing soil



Table 3
Aboveground and belowground nutrient uptake of winter wheat grown in Norfolk’s hard setting subsoil amended with different sources of biochars.

Treatment P (kg ha�1) K(kg ha�1) Ca (kg ha�1) Mg (kg ha�1) Na (kg ha�1) Al (kg ha�1) Fe (kg ha�1) Cu (kg ha�1) Zn (kg ha�1)

Aboveground uptake
Control 0.56 ± 0.19ba 5.36 ± 1.39b 0.89 ± 0.22b 0.29 ± 0.07b 0.07 ± 0.02c 0.09 ± 0.05b 0.06 ± 0.02ab 0.0017 ± 0.0007b 0.011 ± 0.002ab
50:50 Blendb 2.68 ± 0.42a 11.90 ± 1.69a 0.29 ± 0.07c 0.56 ± 0.13a 0.55 ± 0.14a 0.29 ± 0.03a 0.14 ± 0.09a 0.0018 ± 0.0003b 0.011 ± 0.003ab
80:20 Blend 3.15 ± 0.58a 11.72 ± 1.31a 0.68 ± 0.11b 0.51 ± 0.09a 0.23 ± 0.05b 0.36 ± 0.00a 0.10 ± 0.11ab 0.0028 ± 0.0005a 0.012 ± 0.003a
Poultry Litter 0.51 ± 0.53b 2.04 ± 1.89c 0.04 ± 0.03c 0.08 ± 0.07c 0.12 ± 0.08bc 0.04 ± 0.02b 0.03 ± 0.02b 0.0004 ± 0.0003c 0.002 ± 0.001c
Pine Chips 0.96 ± 0.28b 6.95 ± 0.42b 1.25 ± 0.36a 0.35 ± 0.08b 0.08 ± 0.009c – 0.04 ± 0.01ab 0.0019 ± 0.0005b 0.011 ± 0.001ab
Hardwood 1.07 ± 0.08b 6.15 ± 0.19b 1.18 ± 0.12a 0.37 ± 0.03b 0.07 ± 0.005c – 0.04 ± 0.01ab 0.0004 ± 0.0003b 0.008 ± 0.001b
LSD0.05 0.59 1.95 0.28 0.13 0.10 0.10 0.09 0.0007 0.004

Belowground uptake
Control 0.52 ± 0.19b 5.42 ± 2.04b 0.38 ± 0.13b 0.17 ± 0.06b 0.54 ± 0.22b 0.52 ± 0.31a 0.35 ± 0.18ab 0.004 ± 0.002d 0.078 ± 0.033ab
50:50 Blend 1.36 ± 0.58a 8.61 ± 3.54ab 0.38 ± 0.15b 0.39 ± 0.17a 0.97 ± 0.37a 0.42 ± 0.28ab 0.29 ± 0.20ab 0.006 ± 0.001 cd 0.031 ± 0.012c
80:20 Blend 1.46 ± 0.46a 11.14 ± 3.34a 0.83 ± 0.09a 0.45 ± 0.12a 0.92 ± 0.24a 0.68 ± 0.42a 0.48 ± 0.31a 0.026 ± 0.009b 0.068 ± 0.004b
Poultry Litter 0.29 ± 0.27b 1.37 ± 0.84c 0.06 ± 0.04c 0.08 ± 0.05b 0.19 ± 0.08c 0.12 ± 0.11b 0.09 ± 0.10b 0.001 ± 0.001d 0.005 ± 0.006c
Pine Chips 1.18 ± 0.36a 8.70 ± 1.86ab 0.84 ± 0.12a 0.39 ± 0.06a 0.38 ± 0.09bc 0.58 ± 0.18a 0.40 ± 0.14a 0.014 ± 0.006c 0.096 ± 0.020a
Hardwood 1.20 ± 0.07a 9.32 ± 0.57a 0.99 ± 0.04a 0.41 ± 0.02a 0.27 ± 0.04 0.56 ± 0.07a 0.44 ± 0.07a 0.036 ± 0.008a 0.076 ± 0.007ab
LSD0.05 0.57 3.59 3.79 0.15 0.33 0.39 0.28 0.009 0.02

a Means in columns within each subheading followed by common letter(s) are not significantly different from each other at p 6 0:05.
b Blend of Pine Chips and Poultry Litter.
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Fig. 2. Average pH and electrical conductivity of soils treated with the different
designer biochars. Means of soil pH and soil electrical conductivity are significantly
different (p 6 0:05) when superscripts located at top bars are different.
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C sequestration (Sigua et al., 2014). Novak et al. (2009b) pioneered
the concept that biochars could be designed with specific chemical
and physical properties through feedstock selection, pyrolytic tem-
perature, and residence time manipulation. Since one biochar type
will not resolve all issues in all soils, there is a need to conduct
additional research on the efficacy of different designer biochars
in improving biomass and nutrient uptake of crops grown in soils
with hard setting subsoil layer. Improved winter wheat biomass
and nutrient uptake as a result of biochar amendment can be
attributed to its nutrient and several indirect effects, including
the increased levels of soil organic C, available water storage and
aggregate formation and potential alteration of soil microbial pop-
ulations and function (Sigua et al., 2014; Kolton et al., 2011; Steiner
et al., 2008; Warnock et al., 2007).

While application of 80:20 blend of PC and PL had the greatest
biomass productivity, application of 100% PL at 40 Mg ha�1 had
reduced the total biomass production of winter wheat by about
79%. It may appear that the effects of 50:50 and 80:80 blend of
PC:PL on aboveground, belowground and total biomass of wheat
were similar to the effects of applied 100% PC and 100% HW as
shown in Fig. 1, but not the results of average percent change of
aboveground, belowground and total biomass over the control.
The actual percent change over the control is showing a much bet-
ter contrast on the effects of the different designer biochars with
respect to the aboveground biomass, belowground biomass and
total biomass of winter wheat. Application of 80:20 blend of PC
and PL resulted in higher average increase of percent change in
aboveground, belowground and total biomass when compared
with the application of 50:50 blend of PC and PL, 100% PC and
100% HW, respectively (Fig. 1).

In addition to the potential benefits of blending biochar feed-
stock as described above, a number of factors could have had
affected the outcome of our study. For instance, differences in
the rapidity and stability with which given biochars are oxidized
in the soil depends on biochars chemical composition along with
the physical and chemical conditions of the surrounding soil envi-
ronment. Application of blended biochars in our study resulted in
favorable soil pH and soil EC along with reduced concentrations
of soluble salts and heavy metals. The beneficial effects of 80:20
and 50:50 blend of PC and PL could be attributed to lower concen-
trations of Na, Al, Mn, Fe, Cu and Zn and higher concentrations of P
in the biochar materials when compared with the chemical compo-
sition of 100% PL biochar. The concentration of P in 80:20 and
50:50 blend of PC and PL were 6275 and 17,074 lg g�1, respec-
tively as compared to 326 lg g�1 of P in 100% PL. The concentration
of Na in 100% PL was remarkably high (21,620 lg g�1) when com-
pared with the concentration of Na in 80:20 (4117 lg g�1) and
50:50 (10,414 lg g�1) blend of PC and PL.

The high concentrations of Na and other nutrients in 100% PL
had resulted in large decrease of wheat biomass and substantial
increased in soil electrical conductivity (EC) and soil pH.
Application of 100% PL and 50:50 blend of PC and PL in Norfolk’s
hard setting subsoil layer resulted in greater soil pH and soil EC
values relative to the control (Fig. 2). It is possible that the
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increased in pH and increased amount of ions (as measured by EC)
in the soils due to the high application rate (40 Mg ha�1) of bio-
chars benefited the plants with increased biomass productivity
due to additional uptake of nutrients from the biochars.
However, the application of biochar appears to have become a neg-
ative factor on plant growth and development of winter wheat as
in the case of 100% PL and 50:50 blend of PC:PL. Application of
100% PL has increased soil pH and EC by 67% and 1032% over the
control while application of 50:50 blend of PC:PL has increased soil
pH and soil EC by 70% and 1415% over the control, respectively.

The negative effect of applied 100% PL on biomass productivity
and nutrient uptake of winter wheat could be attributed to the pH
and EC of soils as shown in Fig. 2. Excessively high EC can affect
plants in the following ways: (1) specific toxicity of a particular
ion, such as sodium; and (2) higher osmotic pressure around the
roots prevents an efficient water absorption by the plant. The
stress caused by high EC is a major challenge to non-halophytic
higher plant like the winter wheat. The presence of salts and their
elemental composition on the 100% PL biochar was confirmed
using SEM/EDS analysis (Fig. 3). Poultry litter biochar had salt crys-
tallized on the surface composed of KNO3, KCl, and Ca3[PO4]2 that
are known to be soluble in water. The majority of the salts occurs
on the surface of the biochar and not embedded in the biochar
organic C matrix. As noted by the bright white colors across the
surface, we speculate that the salts were easily dissolved in water
because the anion is bound to a monovalent cation (Bohn et al.,
1979). When exceeded and applied at high application rate
(40 Mg ha�1), these surface precipitated salts may cause serious
limitations to agriculture by decreasing yield of various fruit, for-
age and field crops including wheat (Rausch et al., 1996;
Sumaryati et al., 1992; Epstein et al., 1980; Richard, 1954).

Based on soil pH and soil EC, application of 100% PC and 100%
HW biochars had minimal negative effect on biomass productivity
and nutrient uptake of winter wheat (Fig. 2). The resulting pH of
soils that were treated with 100% PC and 100% HW of 6.5 and
6.7, respectively were closed to the ‘‘ideal’’ soil pH. The average
EC of soils treated with 100% PC and 100% HW were considerably
low (Fig. 2). Although the average pH in soils with 100% PC and
100% HW were near neutral along with the low soil EC, their effects
on winter wheat productivity and nutrient uptake were still signif-
icantly lower than the effect of 80:20 blend of PC and PL because
they have low concentrations of nutrients (Table 2). The other fac-
tor could be the C:N ratio of these biochars (i.e. 207:1 for 100% PC
and 221:1 for 100% HW). The profound differences in the C:N ratio
of these biochars as compared with 100% PL (13:1), 50:50 blend of
PC and PL (19:1) and 80:20 blend of PC and PL (58:1) can explain
Fig. 3. Electron microscope (SEM) image of the poultry litter biochar, which clearly show
The inset shows a closer magnification along with tentative identification of the salt cry
the striking difference in the decomposition rates. Similar results
were obtained by Sigua et al. (2014). They reported that in
Coxville soil with swine solid biochar had the greatest average
amount of CO2–C evolved while in Norfolk soil with pine chip bio-
char had the least average amount of CO2–C evolved and these
results could be related to the C:N ratio of the biochars. Pine chip
biochar with wide C:N ratio and low nitrogen content is associated
with slow decay while swine solid biochar with narrow C:N ratio
and containing high nitrogen content may undergo rapid mineral-
ization. Their results have demonstrated that manure-based bio-
chars (poultry litter and swine solid) with narrow C:N ratio had
greater mineralization rates than lignocellulosic-based biochars
with wide C:N ratio (switchgrass biochar and pine chip biochar).
The rates of mineralization in designer biochars may have had sig-
nificant effect on biomass productivity and nutrient uptake of win-
ter wheat.

Overall, the nutrient uptake in wheat’s aboveground and below-
ground biomass varied widely among the different biochar treat-
ments. The average uptake of P, K, Ca, Mg, Na, Al, Fe, Cu and Zn
in both the aboveground and belowground biomass of winter
wheat also varied remarkably with biochar treatments. Winter
wheat treated with 80:20 blend of PC and PL had the overall great-
est aboveground and belowground nutrient uptake. The beneficial
effect of 80:20 blend of PC and PL on aboveground and below-
ground uptake could be related to the resulting soil pH and soil
EC following its application because the availability of some plant
nutrients is greatly affected by soil pH. The ‘‘ideal’’ soil pH is close
to neutral, and neutral soils are considered to fall within a range
from a slightly acidic pH of 6.5 to slightly alkaline pH of 7.5. The
resulting pH of soils treated with 80:20 blend of PC and PL were
fairly close to the ‘‘ideal’’ soil pH values (6.5–7.5). It has been deter-
mined that most plant nutrients are optimally available to plants
within this 6.5–7.5 pH range, plus this range of pH is generally very
compatible to plant root growth. At alkaline pH values, greater
than pH 7.5 for example, phosphate ions tend to react quickly with
calcium and magnesium to form less soluble compounds. At acidic
pH values, phosphate ions react with aluminum and iron to again
form less soluble compounds. Most of the other nutrients (espe-
cially micronutrients) tend to be less available when soil pH is
above 7.5, and in fact are optimally available at a slightly acidic
pH, e.g. 6.5–6.8. The exception is molybdenum, which appears to
be less available under acidic pH and more available at moderately
alkaline pH values. Addition of 80:20 blend of PC and PL resulted in
higher soil pH than those soils without biochars. The higher pH val-
ues for soils would favor hydrolysis reactions for Ca and Mg which
increase the plant availability of these two nutrients. Higher pH
s the present of numerous surface precipitated salts on the surface of the biochar.
stals achieved through EDS analyses.
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Fig. 4. Comparison of early growth of winter wheat applied with 100% PL and winter wheat treated with 80:20 blend of PC:PL.
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values may well inactivate Al, Mn, Cu, and Fe. Our results have
shown that the availability of soil Mn, Cu, Fe, and Al were signifi-
cantly lowered by the addition of blended biochars (Tisdale and
Nelson, 1975). Perhaps the single direct benefit of neutral pH is
the reduction in acidity and solubility of aluminum and manganese
(Peevy et al., 1972). Some of the indirect benefits of having soil pH
near the ‘‘ideal’’ pH in case of soils treated with 80:20 blend of PC
and PL, among others would include: enhancing P and microele-
ment availability; nitrification; nitrogen fixation; and improving
soil physical conditions (Nelson, 1980; Tisdale and Nelson, 1975;
Russell, 1973).

The resulting soil EC following application of 80:20 blend of PC
and PL of 120 umhos cm�1 was relatively lower than the resulting
EC of soils treated with 100% PL of about 230 umhos cm�1. It is
likely that there was a minimum interference with uptake of
essential nutrients in soils with 80:20 blend of PC and PL compared
with 100% PL. An imbalance in the salts content especially in soils
applied with 100% PL may result in a competition between ele-
ments. This condition is called ‘‘antagonism’’, i.e. an excess of one
ion limits the uptake of another ion. For example, excess of chlo-
ride reduces the uptake of nitrate, excess of phosphorus reduces
the uptake of manganese, and excess of potassium limits the
uptake of calcium. High salts concentration in soils with 100% PL
may have had resulted in high osmotic potential of the soil solu-
tion, so the plant has to use more energy to absorb water. Under
extreme high soil EC conditions, plants may be unable to absorb
nutrients, water and will wilt, even when the surrounding soil is
saturated. Fig. 4 shows the comparison of early growth between
winter wheat applied with 100% PL and winter wheat treated with
80:20 blend of PC and PL.
5. Conclusions

Our results supported our hypothesis that addition of different
designer biochars will have variable effects on biomass and nutri-
ent uptake of winter wheat. Our study also demonstrated the
favorable and beneficial effects of different designer biochars on
biomass productivity and nutrient uptake of winter wheat grown
in Norfolk soils with hard setting subsoil layer. Application of
80:20 blend of PC and PL was found to be superior over other blend
because of its favorable effects on biomass productivity and nutri-
ent uptake of winter wheat. Application of 100% PL resulted in sig-
nificant reduction of aboveground biomass, belowground biomass
and total biomass by about 75%, 82% and 79%, respectively when
compared with the control plants. Overall, our results showed
promising significance for improving soil fertility and tilth of
Norfolk’s hard setting subsoil layer since biochars did improve
the aboveground, belowground and total biomass of winter wheat.
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