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Abstract: There are mixed reports for biochars’ ability to increase corn grain and biomass yields.
The objectives of this experiment were to conduct a three-year corn (Zea mays L.) grain and biomass
production evaluation to determine soil fertility characteristics after designer biochars were applied
to a highly weathered Ultisol. The amendments, which consisted of biochars and compost, were
produced from 100% pine chips (PC); 100% poultry litter (PL); PC:PL 2:1 blend; PC mixed 2:1 with
raw switchgrass (Panicum virgatum; rSG) compost; and 100% rSG compost. All treatments were
applied at 30,000 kg/ha to a Goldsboro loam sandy (Fine-loamy, siliceous, sub-active, thermic Aquic
Paleudult). Annual topsoil samples were collected in 5-cm depth increments (0 to 15-cm deep) and
pH was measured along with Mehlich 1 phosphorus (M1 P) and potassium (M1 K) contents. After
three years of corn production, there was no significant improvement in the annual mean corn grain
or biomass yields. Biochar, which was applied from PL and PC:PL 2:1 blend, significantly increased
M1 P and M1 K concentrations down to 10-cm deep, while the other biochar and compost treatments
showed mixed results when the soil pH was modified. Our results demonstrated that designer
biochar additions did not accompany higher corn grain and biomass productivity.

Keywords: corn production; designer biochars; soil fertility; Ultisol

1. Introduction

Biochar is used as an amendment in agricultural soils to improve their physical characteristics [1–4]
and to bolster important fertility properties [5–8]. Biochars’ ability to improve soil fertility is explained
by the composition of organic compounds, which rebuilds soil organic carbon (SOC) levels [9–11] and
ash material, which are comprised of important plant macro- and micro-nutrients [12–14].

For farmers and land managers to be able utilize biochar as a soil amendment, there must be a
financial realization that crop or biomass yields are significantly improved. Several reviews [15–17]
have reported that, while the overall crop productivity improvement is around 10%, positive crop
responses are better demonstrated by adding biochar to acidic, nutrient-poor soils in tropical regions,
than in soils in temperate regions. Furthermore, the variability of biochar performance for improving
crop yields was further demonstrated by Spokas et al. [18], who reported that biochar caused positive
yield increases in 50% of examined studies, but in the remaining 50%, there was no improvement or
a decrease in crop yields. More recent examples where biochar was applied to field soils, that did
not significantly improve corn yields, were reported [19,20]. In these studies, the test sites were in
temperate climatic regions that may explain the lack of significant corn grain yield improvements.

The literature has shown that biochar chemical and physical properties can be quite variable
because of feedstock choice differences [12,21], pyrolysis temperature selection [22,23], and post
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production variance in supply chain management and transportation [24]. Thus, biochar variability
can cast some confusion on biochar management decisions. Therefore, an alternate paradigm for
biochar usage was introduced [6,25], whereby biochar properties would be matched to correct specific
soil fertility deficiencies (i.e., low pH, poor plant nutrient levels, etc.). Novak et al. [6] coined the
technology “designer biochar”. Designer biochars are produced so they have specific chemical (i.e., pH,
nutrient contents, etc.) and physical (i.e., pellets, particle size, etc.) properties through the choice of
feedstock, pyrolytic temperatures, and biochar morphology [25,26]. This concept has been adjudicated
for biochar production by others [27–29], in order to adjust pH in a calcareous soil [7] and raise winter
wheat yields [30].

In many other biochar evaluation studies, there is minimal concern of matching the right biochar
to the specific soil problem. In contrast to this approach, our study is unique because designer biochars,
used in this study, were selected to target specific soil physico-chemical deficiencies. The Goldsboro
soil has deficiencies related to crop production that includes, poor water retention, low SOC, and
nutrient contents. We based the designer biochar properties on prior laboratory results, using sandy
soils that showed improvement in soil nutrient status [6]; SOC contents [31]; moisture retention [32];
and rebalancing P contents in manure-based biochars [26]. Here, designer biochars were created using
commercially purchased biochars, produced from poultry litter (PL) and lodgepole pine chip (PC)
feedstocks, and in blends using raw (unpyrolyzed) switchgrass compost (rSG). The biochars were
mixed with a compost made from raw switchgrass, since other investigations that had used biochar,
mixed with compost, found improved corn grain yields in Australia field plots [33] and with improved
wheat yields in China [34].

The objectives of this three-year field experiment were to evaluate the effectiveness of these
designer biochars by, 1) improving soil fertility characteristics (i.e., pH, soil Mehlich 1 P and K contents),
and 2) increasing corn (Zea mays, L.) grain yields and biomass production.

2. Materials and Methods

2.1. Site Characteristics and Soil Properties

The 2-ha field site, used in this study, is located on the property of the United States Department of
Agriculture-Agricultural Research Service-Coastal Plain Soil, Water, and Plant Research Center, located
in Florence, South Carolina, USA (34◦14′38” N and 79◦48′45.3” W). Over 50 years of farming, the field
has been under row crop production, including corn (Zea Mays L.), soybeans (Glycine max), and an
assortment of vegetables (i.e., tomato, strawberry, etc.) crops. For production of these crops, the field
was cultivated using either, conservation (deep tilled to 30 to 40 cm) and conventional (disking to
incorporate surface residue to about 10 cm deep) tillage practices.

Soil in the field is classified as a Goldsboro loamy sand (Fine-loamy, siliceous, sub-active, thermic
Aquic Paleudult). The profile characteristics for the Goldsboro series include, a thin Ap horizon (0 to
20 cm deep), and a shallow E horizon (20 to 30-cm below surface) overlying a series of well-developed
Bt argillic horizons, that are expressed down to about 165-cm. The C horizon occurs deeper than
165-cm, is sandy to clayey in texture, and contains distinctive redoximorphic features. The series are
moderately-well drained and exhibit masses of oxidized yellow and red colored iron mottles/concretions
in the Bt horizons. The series occur in the middle coastal plain region and the parent material consists
of marine deposits, interlaced with fluvio-marine sediments [35].

2.2. Designer Biochar Preparation and Characterization

The PC and PL biochars were available commercially. Lodgepole pine (Pinus contorta) chips
were transformed into biochar using a two-stage process as described [36]. In the first stage of the
pyrolysis process, the chips were exposed to temperatures between 500 and 700 ◦C for <1 min under a
very low O2 atmosphere. In the second stage, the chips were furthered carbonized in an anaerobic
environment at temperatures between 300 and 550 °C for approximately 15 min, then removed and
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allowed to air-cool. The PL biochar was produced using a gasification process employing a fixed-bed
pyrolizer programed for conditions (temperature and hold time) that are propriety. The switch-grass
feedstock was obtained from plots grown at the Clemson University Pee Dee Research and Education
Center, Darlington, South Carolina, USA. The switchgrass was processed using a mechanical grinder to
produce 6-mm sized flakes. The bulk material was allowed to compost for 1 week prior to application.

All five amendments were characterized for their pH in a 1:2 (w/w) ratio with deionized water [26].
Additionally, all five amendments were characterized by ultimate analysis, using ASTM method D
3176 ([37]; Hazen Research, Inc., Golden, Colorado, USA] for their ash, fixed C, volatile matter, C, H,
O, N and S contents (Table 1). Their molar H/C and O/C ratios were calculated from the elemental
analysis (Table 1). The total concentrations of P, K, Cu and Zn concentrations were determined
on the ash fraction in 100% PC and 100% PL biochar amendments by first ashing the samples
at 600 ◦C, digesting the ash using method SW866 [37], and then quantifying metal content using
ICP-OES by Hazen Research, Inc. The P, K, Cu, and Zn concentrations in the switchgrass compost
were determined using acid digestion by the Clemson University Agricultural Service Laboratory
(https://www.clemson.edu/public/regulatory/ag-srvc-lab).

Table 1. Designer biochar and compost characteristics (PC = pine chip; PL = poultry litter, rSG = raw
switchgrass as compost; nd = not determined).

Parameter (%) 100% PC 100% PL PC:PL 2:1 PC:rSG 2:1 rSG

C 88.5 33.2 74.4 76.8 51.9
H 1.64 2.23 2.51 3.49 5.61
O 5.91 4.21 5.95 16.27 37.7
N 0.49 3.6 1.41 0.34 0.35
S 0.011 2.6 0.48 0.02 0.01
P 0.025 † 3.36 † nd nd 0.07
K 0.301 † 7.23 † nd nd 0.29

Cu 0.019 † 0.16 † nd nd 0.0007
Zn 0.008 † 0.100 † nd nd 0.0016

Ash 3.46 54.1 15.2 3.07 4.38
Fixed C 85.7 16.5 67.6 62.7 17.4

Volatile matter 10.8 29.4 17.2 34.2 78.2
pH 7.8 9.1 9.1 7.3 5.4
O/C 0.05 0.094 0.059 0.15 0.54
H/C 0.22 0.81 0.4 0.54 1.29

† determined on an ash-basis.

2.3. Field Plot Establishment, Soil Sampling, Biochar Application, Corn Management, and
Precipitation Recordings

In December 2015, twenty-four plots were established in a randomized complete block design,
that allowed for n = 4 plots per amendment treatment and a control (no organic amendments). Each
plot area covered 40 m2 that would allow for future planting of 4 rows of corn per plot on a 0.76-m
row spacing. In January 2016, soil bulk density samples were collected in 5-cm depth increments to
a depth of 15-cm from hand dug, shallow excavation pits at 1 location in each plot. The soils were
oven-dried overnight at 105 °C weighed, and their bulk density values calculated accordingly to [38].
For fertility assessment, soil samples were collected at 6–8 randomly selected locations in each plot
at 0–5, 5–10, and 10–15-cm depth increments using a 2.5-cm diameter sampling probe. The samples
were composited by depth and dried at 105 °C prior to analysis. Soil samples were then analyzed
for pH, Mehlich 1 K (M1 K), and Mehlich 1 P (M1 P) by the Clemson University Agricultural Service
Laboratory (https://www.clemson.edu/public/regulatory/ag-srvc-lab). Soil fertility concentrations by
depth and plot assignment were matched with their respective soil bulk density measurements, and
their final values were reported on a kg/ha basis. This soil sampling scheme and fertility assessment
was repeated in January 2017 and 2018.

https://www.clemson.edu/public/regulatory/ag-srvc-lab
https://www.clemson.edu/public/regulatory/ag-srvc-lab
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In February 2016, biochar and biochar/compost mixtures were formulated in the field, and were
hand-applied and initially raked into the soil. Each plot received the equivalent of 30,000 kg/ha of
amendment (Table 2). After hand-application ceased, the amendments were then mixed to 10-cm soil
depth by disking with a cultivator.

Table 2. Formulation and application of biochars and compost per treatment.

Treatment Biochar (kg/ha) Compost (kg/ha)

Control 0 0

100% pine chip (PC) 30,000 0

100% poultry litter (PL) 30,000 0

PC:PL 2:1 blend 20,000 10,000

PC: raw switchgrass (rSG) 2:1 20,000 10,000

rSG (compost) 0 30,000

In April 2016, inorganic N-P-K starter fertilizer was applied to all plots at described rates (Table 3).
During May 2016, a split application of liquid N was made by side dressing along corn rows. Before
corn planting, all plots were initially fertilized with a granular fertilizer, containing monoammonium
phosphate (MAP) and a potassium source (K2O). In all three years, corn was planted in April with
the same corn variety, and planting rate was maintained (Table 3). A few weeks after planting, corn
was fertilized with liquid N in a split application at the rate of 67 kg/ha (total annual N of 147.5 kg/ha
applied). Except in 2018, MAP was not applied because soil fertility measurements showed sufficient
soil P concentrations, so the total N applied was reduced to 134 kg/ha.

Table 3. Agronomic management of plots.

Year N-P-K Applied (kg/ha) Corn Variety Stand Count (Plants/ha)

2016 13.5-67-84 (starter) DKC64-69 59,406
67-0-0 (split)
67-0-0 (split)

2017 13.5-67-84 (starter) DKC64-69 59,406
67-0-0 (split)
67-0-0 (split)

2018 0-56-0 DKC64-69 59,406
67-0-0 (split)
67-0-0 (split)

In 2016, 2017, and 2018, corn was planted during one operation by chiseling tilling the soil down
to 40-cm using a KMC deep tiller (Kelly Manufacturing Co., Tifton, Georgia, USA) and the seeds were
planted, using a Case model 1210 corn planter (Case, Inc., Grand Island, Nebraska, USA. Corn variety
and stand count were kept consistent across the study period (Table 3). At the end of the season, corn
grain was harvested using a mechanical harvester on the two center corn rows of each plot. Corn
biomass (mass without grain weight) was quantified by physically harvesting a randomly selected 2 m
row section of the two middle corn rows. Plant material was placed into burlap sacks and dried at
60 °C, and then weighted. The biomass measured was then calculated on a dry-mass (0% moisture
content) kg/ha basis.

The daily precipitation at the location was recorded using a rain gauge. Daily precipitation
amounts were then composited for monthly and yearly totals. When precipitation results were not
available, due to power outages/damage to equipment from Hurricanes Mathew (2016), and Florence
(2018), the rainfall results were used from a nearby weather station at the Pee Dee SCAN site located in
Darlington, South Carolina, USA (https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2037&state=sc).

https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2037&state=sc
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The cumulative monthly precipitation for the critical corn growth cycle along with the dry corn
yield per plot was used to determine the water use efficiency (WUE). The WUE was calculated by
dividing the mean plot yields by the cumulative precipitation totals (April to August; [39]). The values
of WUE were reported as kg grain per ha/mm precipitation [40].

2.4. Statistics

A 2-way ANOVA was used on the mean dry corn grain yields and dry corn biomass results, with
the fixed variables being year of study and biochar treatments, and with a year x biochar treatment
interaction. A 2-way ANOVA was also used for soil pH, M1 K, and M1 P concentrations within biochar
treatments, using the year of study and topsoil depths as fixed variables and their interaction was
determined. The results were compared by soil depth, since plant nutrients are subject to leaching in
sandy soils. All statistical analyses were determined using Sigma Stat v. 11 (SSPS Corp., Chicago, IL,
USA) at a P < 0.05 level of significance.

3. Results

3.1. Designer Biochar Formulations, Application, Agronomic Management, and Precipitation Totals

All plots received a cumulative amount of amendments at 30,000 kg/ha (Table 2). In all three years
of this study, the same corn variety was planted, but the fertilizer management varied slightly (Table 3).
Annual precipitation totals were quite variable over the three years, with totals ranging from 1116.7 to
2309.5-mm (Table 4).

Table 4. Monthly and annual precipitation totals for study period.

Precipitation (mm)

Month 2016 2017 2018

January 57.7 81.3 72.1
February 153.9 48 35.6

March 45.7 50.5 347
April 73.1 104.1 126.4
May 108.1 46.9 129.5
June 96.1 170.1 88.4
July 213.1 199.6 122.4

August 50.8 94.2 66
September 35.1 101.3 382.8

October 322.3 71.9 469.6
November 29.46 17.5 158.2
December 154.9 131.3 311.5

Annual total 1340.3 1116.7 2309.5

3.2. Corn Grain, Biomass Yields, and Water Use Efficiency

The annual mean corn grain yields (at 0% moisture content), sorted by treatment and production
year, are presented in Table 5. In 2016, corn yields from all treated plots were not significantly different
than the control. It was noted, however, among the treatments in 2016, there was significant differences
between only two treatments, with corn grain yields from 100% PL being > PC:rSG 2:1 and PC:PL 2:1
blend being > PC: rSG 2:1 (Table 3). The differences in corn grain yields were >2,300 kg/ha between
these treatments. In 2017 and 2018, however, there was no significant corn grain yield differences
between all treatments. Additionally, when corn grain yields were average across years, there was no
significant differences between treatment means (Table 5).
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Table 5. Comparison of annual mean corn grain yields (n = 4; PC = pine chip; PL = poultry litter, rSG =

raw switchgrass compost).

Corn Grain Yields (dry, kg/ha)

Treatment 2016 † 2017 2018 Mean

100% PC 10,356 a, A 9130 ab, A 6837 c A 8774 A
100% PL 10,515 a, A 8092 b, A 7205 b, A 8603 A
PC:PL 2:1 10,529 a AB 8506 b, A 6949 c, A 8661 A
PC:rSG 2:1 8153 a, AC 8273 a, A 6913 a, A 7779 A

rSG 9164 a, A 8232 ab, A 6091 b, A 7828 A
Control (0 biochar) 9110 a, A 8518 ab A 6669 b, A 8099 A

mean 9637 a 8459 b 6777 c
Source of variation P

Year <0.001
Biochar treatment 0.085

Yr*Biochar trt 0.356
† lower case letter indicates significant differences among means between columns, while a capital letter indicates
significant differences among means within a column using a 2-way ANOVA at P < 0.05 level of significance.

When each treatment mean was compared between years of production, 5 out of 6 treatments
experienced a significant corn grain yield decline, while only the PC:rSG 2:1 treatment remained
similar (Table 5). Comparing the mean corn yields, when averaged across all 6 treatments, revealed
that the means were significantly reduced from 9637 in 2016 to 6777 kg/ha in 2018 (Table 5). Corn
grain yield differences between 2016 versus 2018, calculated out to a reduction of 2860 kg/ha or about
−30% change.

The effects of biochar and compost on corn biomass (without corn grain weight) were measured
by year and treatment (Table 6). In 2016, there were more significant differences between treatments
than noted in 2017 and 2018. Additionally, significant biomass yield declines were noted in 5 of
the 6 treatments (except 100% PC) and when averaged across all treatments by year. In fact, the
differences between mean biomass yields, in 2016 and 2017, were 2344, and between 2017, and 2018
were 1265 kg/ha, respectively. Overall, the mean biomass yields across all treatments were significantly
lower from 2016 to 2018 with a decline of 3709 kg/ha (Table 6).

Table 6. Comparison of annual mean corn biomass yields (above ground biomass minus corn grain
weights; n = 4; PC = pine chip; PL = poultry litter, rSG = raw switchgrass compost).

Corn Biomass Yields (Dry, kg/ha)

Biochar Treatment 2016 † 2017 2018 Mean

100% PC 8365 a, A 7620 a, A 7107 a, A 7787 A
100% PL 11,573 a, B 8723 b, A 7202 b, A 9166 BC
PC:PL 2:1 11,173 a, BC 9145 b, A 6928 c, A 9082 C
PC:rSG 2:1 9947 a, ABC 7018 b, A 7101 b, A 8022 ABC

rSG 11,354 a, BC 7857 b, A 6668 b, A 8626 ABC
Control (0 biochar) 9430 a, ABC 7684 ab, A 5934 b, A 7683 A

mean 10,352 a 8008 b 6823 c
Source of variation P

Year <0.001
Biochar treatment 0.003

Yr*Biochar trt 0.143
† lower case letter indicates significant differences among means between columns, while a capital letter indicates
significant differences among means within a column using a 2-way ANOVA at P < 0.05 level of significance.

The WUE results calculated for 2016, 2017, and 2018 are presented in Table 7. The highest WUE
calculated occurred in 2016, with values ranging from 15.1 to 19.4. The overall annual WUE mean for
2016 is 17.8 but has a sizable standard deviation of 1.8. In 2016, three of the treatments in 2016 (PC:rSG
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2:1, rSG and the control) had lower WUE values compared to the other three treatments. The WUE
values for the treatments declined in 2017 and 2018 to > 15, compared to the 2016 values. It was also
noted that the variability of the mean also declined in 2017 and 2018.

Table 7. Water use efficiency determined for each treatment (units are kg dry corn grain per ha/mm of
cumulative monthly precipitation recorded between April to August; PC = pine chip, PL = poultry
litter, rSG = raw switchgrass compost; SD = standard deviation).

Biochar trt. 2016 2017 2018

100% PC 19.1 14.8 12.8

100% PL 19.4 13.2 13.5

PC:PL 2:1 19.5 13.8 13

PC:rSG 2:1 15.1 13.5 13

rSG compost 16.9 13.4 11.4

Control (0 biochar) 16.8 13.9 12.5

Overall annual mean (SD) 17.8 (1.8) 13.8 (0.6) 12.7 (0.7)

3.3. Soil Fertility

In the mean annual pH values of the Goldsboro control soil, there were no significant changes
between years and depth (Table 8). In contrast, the plots treated with 100% PL biochar had higher
annual mean topsoil pH values. In these plots, the annual mean topsoil pH values significantly
increased with time and depth (P < 0.001 and 0.014, respectively, Table 8). Mean annual topsoil pH
values after treatment with 100% PC biochar, the two blends, and the raw switchgrass compost were
mixed. While 4 of 6 treatments exhibited significant impacts of time on soil pH, in contrast, only 1 of 6
treatments showed a significant depth impact (Table 9).

The Goldsboro control soil, without the biochar addition, had no significant time or depth effect
(Table 9). Meanwhile, amending the Goldsboro soil with 100% PL biochar significantly raised the
annual mean topsoil (0 to 15 cm) M1 P concentration. There is a very significant time and depth impact
of 100% PL biochar on soil M1 P concentrations (P < 0.001; Table 9). In fact, M1 P is stratified in the
Goldsboro soils treated with 100% PL biochar because the two topsoil depths had the highest M1 P
concentrations, while the 10–15 cm depth soil sample had the lowest M1 P concentration (Table 9).
Blending the PL biochar with PC biochar in a 2:1 (w/w) ratio resulted in a decrease in annual mean
topsoil M1 P concentrations. There is a very significant impact of time and depth and interaction effect
with this treatment (P < 0.001). The addition of 100% PC biochar also resulted in small but significant
increases in annual mean topsoil M1 P concentrations. In fact, the 100% PC biochar amendments
caused both a significant year and depth impact on M1 P concentrations. Finally, the treatment of
the Goldsboro soil with PC:rSG 2:1 (w/w) blend and the rSG compost resulted in no effect on soil M1
P concentrations.

The control soils had annual mean topsoil M1 K concentrations that did not vary as a function
of time (P = 0.076; Table 10). However, there was a significant depth and year * depth interaction
(P < 0.001), suggesting stratification with higher mean K concentrations in the surface 0–5 cm soil depth.
Adding 100% PL biochar, and the two blends significantly increased the soil M1 K concentrations
(Table 10). Changes in topsoil M1 K concentrations in the 100% PL treatment is supported by the very
significant year effect (P < 0.001; Table 10).
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Table 8. Mean pH by soil depth per year of study (SOV = source of variation, P value in brackets).

Biochar Treatment Depth (cm) 2016 † 2017 2018 Meandepth SOF (P)

Control 0–5 6.52 6.18 6.10 6.27 Year (0.092)
5–10 6.48 6.35 6.30 6.38 Depth (0.371)

10–15 6.25 6.25 6.43 6.43 Year * Depth (0.051)
Meanyear 6.42 6.25 6.28

100% pine chip (PC) 0–5 6.43 a, A 6.45 a, A 6.40 a, A 6.43 A Year (0.004)
5–10 6.35 a, A 6.53 ab, A 6.83 b, A 6.57 A Depth (0.125)

10–15 6.00 a, A 6.40 ab, A 6.67 b, A 6.36 A Year * Depth (0.090)
Meanyear 6.26 a 6.46 ab 6.63 b

100% poultry litter (PL) 0–5 6.45 a, A 7.03 b, A 6.98 b, A 6.82 A Year (<0.001)
5–10 6.38 a, AB 7.03 b, A 7.05 b, A 6.82 A Depth (0.014)

10–15 6.10 a, B 6.83 b, A 6.95 b, A 6.63 B Year * Depth (0.472)
Meanyear 6.31 a 6.96 b 6.99 b

PC:PL 2:1 0–5 6.50 6.65 6.55 6.57 Year (<0.059)
5–10 6.43 6.78 6.85 6.83 Depth (0.236)

10–15 6.20 6.38 6.75 6.44 Year * Depth (0.538)
Meanyear 6.38 6.60 6.72

PC:raw switchgrass (rSG) 2:1 0–5 6.53 a, A 6.50 a, A 6.53 a, A 6.52 A Year (0.001)
5–10 6.43 a, A 6.50 ab, A 6.78 b, A 6.57 A Depth (0.098)

10–15 6.08 a, B 6.45 b, A 6.68 b A 6.40 A Year * Depth (0.040)
Meanyear 6.34 a 6.48 ab 6.66 b

rSG 0–5 6.38 6.00 5.85 6.08 Year (0.350)
5–10 6.35 6.05 6.18 6.19 Depth (0.637)

10–15 5.95 6.05 6.28 6.09 Year * Depth (0.153)
Meanyear 6.23 6.03 6.10

† lower case letter indicates significant differences among means between columns, while a capital letter indicates
significant differences among means within a column using a 2-way ANOVA at P < 0.05 level of significance.

Table 9. Mean Mehlich 1 P contents (kg/ha) by soil depth per year of study (SOV = source of variation,
P value in brackets).

Biochar Treatment Depth (cm) 2016 † 2017 2018 Meandepth SOF (P)

Control 0–5 90 128 111 110 Year (0.588)
5–10 94 101 107 101 Depth (0.227)

10–15 73 79 84 79 Year * Depth (0.952)
Meanyear 86 103 101

100% pine chip (PC) 0–5 77 a, A 126 b, A 98 ab, A 100 A Year (0.006)
5–10 73 a, A 87 a, B 87 a, A 82 B Depth (<0.001)

10–15 47 a, A 65 a, B 64 a, A 59 C Year * Depth (0.358)
Meanyear 66 a 93 b 83 ab

100% poultry litter (PL) 0–5 78 a, A 820 b, A 647 a, A 515 A Year (<0.001)
5–10 71 a, A 696 b, A 603 c, A 457 A Depth (<0.001)

10–15 54 a, A 210 a, B 207 ab, B 157 B Year * Depth (<0.001)
Meanyear 70 a 576 b 486 c

PC:PL 2:1 0–5 74 a, A 371 b, A 237 c, A 228 A Year (<0.001)
5–10 72 a, A 293 b, B 228 c, A 198 A Depth (<0.001)

10–15 54 a, A 129 a, C 123 a, B 102 B Year * Depth (<0.001)
Meanyear 69 a 265 b 196 c

PC:raw switchgrass (rSG) 2:1 0–5 88 a, A 114 a, A 96 a, A 99 A Year (0.161)
5–10 88 a, A 100 a, A 90 a, A 93 A Depth (0.097)

10–15 69 a, A 87 a, A 80 a, A 78 A Year * Depth (0.970)
Meanyear 82 a 100 a 89 a

rSG 0–5 74 a, A 98 a, A 84 a, A 85 A Year (0.174)
5–10 70 a, A 79 a, A 76 a, A 75 A Depth (0.003)

10–15 42 a, A 62 a, A 52 a, A 52 B Year * Depth (0.967)
Meanyear 62 a 80 a 71 a

† lower case letter indicates significant differences among means between columns, while a capital letter indicates
significant differences among means within a column using a 2-way ANOVA at P < 0.05 level of significance.
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Table 10. Mean Mehlich 1 K (kg/ha) contents by soil depth per year of study (SOV = source of variation,
P value in brackets).

Biochar treatment Depth (cm) 2016 † 2017 2018 Meandepth SOF (P)

Control 0–5 122 a, A 207 b, A 208 b, A 178 A Year (0.076)
5–10 146 a, A 117 a, B 145 a, B 136 B Depth (<0.001)
10–15 146 a, A 86 b, B 118 ab, B 117 B Year * Depth (<0.001)

Meanyear 138 a 136 a 157 a

100% pine chip (PC) 0–5 142 a, A 221 b, A 195 b, A 186 A Year (0.989)
5–10 160 a, A 142 a, B 153 a, B 152 B Depth (<0.001)
10–15 163 a, A 105 b, C 121 ab, B 130 C Year * Depth (<0.001)

Meanyear 155 a 156 a 156 a

100% poultry litter (PL) 0–5 137 a, A 494 b, A 329 c, A 320 A Year (<0.001)
5–10 161 a, A 524 b, A 310 c, A 332 A Depth (0.611)
10–15 161 a, A 462 b, A 268 a, A 297 A Year * Depth (0.856)

Meanyear 153 a 494 b 303 c

PC:PL 2:1 0–5 125 a, A 331 b, A 250 ab, A 235 A Year (<0.001)
5–10 137 a, A 268 a, A 193 a, A 199 A Depth (0.662)
10–15 133 a, A 339 b, A 177 b, A 216 A Year * Depth (0.770)

Meanyear 132 a 312 b 207 b

PC:raw switchgrass (rSG) 2:1 0–5 118 a, A 223 b, A 203 b, A 181 A Year (0.027)
5–10 143 a, AB 130 a, B 143 a, B 139 B Depth (<0.001)
10–15 148 a, B 104 b, C 113 b, C 122 C Year * Depth (<0.001)

Meanyear 136 a 152 b 153 b

rSG 0–5 149 a, A 201 a, A 184 a, A 178 A Year (0.391)
5–10 164 a, A 127 a, A 128 a, A 140 A Depth (0.643)
10–15 154 a, A 301 a, A 106 a, a 187 A Year * Depth (0.491)

Meanyear 156 a 210 a 139 a
† lower case letter indicates significant differences among means between columns, while a capital letter indicates
significant differences among means within a column using a 2-way ANOVA at P < 0.05 level of significance.

Likewise, the PC:PL 2:1 blend also increased M1 K extractable concentrations to be approximately
2-fold greater than the control. After some time, however, there was a significant reduction in M1
K (P < 0.001; Table 10). There was no depth effect in this treatment. Additions of PC:rSG 2:1 also
increased M1 K concentrations but only in the top 0–5 cm soil depth. This stratification contributed to
the very significant depth effect and year * depth interaction (P < 0.001; Table 10). Finally, rSG additions
did not significantly impact soil M1 K concentrations, which is related to its low K concentration
in the compost (0.29%; Table 1) and low amount delivered to soil (87 kg/ha; 0.0029 * 30,000 kg/ha;
Tables 1 and 2).

4. Discussion

Pine chip biochar was used in this study to bolster the Goldsboro Ap horizon SOC content
(0.91% SOC in 0–15 cm deep, data not presented). The 100% PL biochar was selected to bolster the
Goldsboro’s soils macro (i.e., P and K), and micro (i.e, Cu and Zn) nutrient concentrations. Because PC
biochar inherently contains lower quantities of plant nutrients relative to manure-based biochar [14,21],
it was blended in a 2:1 (w/w) ratio with nutrient enriched PL biochar (Table 1). This blending of
biochars expands the soil fertility benefits by increasing both SOC and plant nutrient concentrations.
Additionally, a switchgrass compost was included in the treatments because of anticipated improvement
in biochar nutrient transformation processes [33] and soil moisture retention [32,41].

In this study, the biochar applications rates are equivalent to a rate of 30,000 kg/ha (Table 2). This
application rate is within the range (10,000 to 50,000 kg/ha) used in other fields [41–43], or in our prior
laboratory experiments, involving biochar on sandy coastal plain soils [2,6].

For corn grain yields, the addition of designer biochar to the Goldsboro soil had little influence
(Table 5). Some variations between treatments in 2016 did occur, although there was some minor
impacts of amendments between the individual treatments. It was noted that, in 2016, corn grain yields
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from the 100% PL treatment were > PC:rSG 2:1 and the PC:PL 2:1 blend was > PC: rSG 2:1 (Table 5).
In term of differences, the corn grain yields were > 2300 kg/ha between these two treatments.

When each treatment mean was compared between years of production, 5 out of 6 treatments
experienced a significant corn grain yield decline, while only the PC:rSG 2:1 treatment remained similar.
The decline in annual yields was evident by comparing the mean corn yield when averaged across
all 6 treatments, which showed that mean corn yields were significantly reduced from 9637 in 2016
to 6777 kg/ha in 2018 (Table 5). Corn grain yield differences between 2016 versus 2018 calculated a
reduction of 2860 kg/ha or about −30% change.

The literature has reported mixed results, concerning the biochars’ impact on corn grain yields.
In a three-year mesocosm experiment, Borchard et al. [19] reported that a wood-based biochar, applied
to a sandy Fluvisol and a silty Luvisol, failed to improve corn yields. In a larger field scale study
conducted at several United States Department of Agriculture-Agricultural Research Service locations
across the USA, Laird et al. [20] reported that a hardwood biochar applied to soils had no significant
impact on corn grain yield increases at 5 of the 6 locations. Additionally, Güereña et al. [44] reported
that corn yields did not change when grown in two New York soils after biochar additions, even when
applied at 30,000 kg/ha. It was speculated in this study that the maize-based biochar did not work in
these soils, because there were no fertility constraints, and that the site was in a temperate climate with
adequate precipitation totals. In a more recent biochar field study, Lamb et al. [44] also reported no
positive impact of a hardwood-derived biochar on corn yields grown in a sandy Ultisol in Georgia.

In contrast, there are numerous biochar studies, conducted under tropical conditions, that have
reported maize grain yield increases from field trials, using different feedstocks [45,46]. In one study,
Cornelissen et al. [47] reported a positive corn yield increase in a sandy, African Ultisol treated with
biochar produced from corn cob/softwood. Additionally, Agegnehu et al. [33] reported a significant
corn yield improvement in tropical Ferralsol treated with biochar produced from waste willow wood.
These studies reported that biochar has a positive interaction with tropical soils to improve corn grain
yields, which was further corroborated in a global-scale meta-analysis, that biochar boosts crop yields
in tropical but not temperate zones [17].

The contrasting effects of biochar improving crop yields in tropical soils but having mixed effects
at raising yields in temperate soils is a concern. Biochars in tropical soils may be more effective at
improving soil fertility conditions by raising low soil pH levels, sequestering phytotoxic aluminum
concentrations, adding critical plant nutrients, or by enhancing nutrient turnover properties through
stimulating soil microbial populations. Furthermore, biochars’ positive crop yield effects, in tropical
soils, may be enhanced by mixing with compost [33,34]. On the other hand, biochars’ inconsistent
performance at increasing crop yields in temperate regions may be related to the wrong biochar
applied to an incorrect soil, the soil did not need biochar addition, or that the background soil fertility
properties were of sufficient quality to mask biochar responses on soil properties. The ability to explain
why crop yields vary with biochar applications under different climate condition or soil properties is
problematic. It may be that strategies to improve biochars’ inconsistent performance in soils, under
temperate climates, will require additional field investigations that specifically identify which soil
properties were modified, and how strongly do these changes induce a positive crop yield increase.
Otherwise, if biochars expenses are not recouped through associate higher crop grain or biomass yields,
then their future use in agricultural as a soil amendment may be limited.

In our study, the effects of biochar and compost on the mean corn biomass (without corn grain
weight) showed some significant differences in the first year of study, but were not apparent by the
second and third year (Table 6). Similar to the corn grain yields, biomass yields also experienced a
significant decline in five of the six treatments (except 100% PC), when averaged across all treatments by
year. This represents a 36% decline in mean corn biomass yields, when averaged across all treatments
in just three years. This result is similar to corn biomass reductions (i.e., 36%) as reported [48].

Large variations in annual rainfed corn grain yields in the Southeastern USA Coastal Plain region
are not uncommon. Heckman and Kamprath [49] observed large annual variations of between 20 to
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50% in corn grain yields in a three-year corn production experiment when grown in a NC Dothan
loamy sand. Davis et al. [50] also reported that over 11 years, there were large annual mean variations
of between 25 to 50% in a corn production experiment grown in a Tifton loamy sand in GA. They
attributed the large variation to differences in monthly rainfall. Similar to this study, a decline in corn
grain yields may be due to irregular precipitation timing during critical periods of corn pollination
and seed filling stages (April to August) of production (Table 4). Although there were near, or above
annual precipitation totals (i.e., 1200-mm; [51]), the irregular monthly precipitation totals in May and
August 2017, and June and August 2018, probably impacted corn pollination and eventual seed filling.
The decline in WUE, calculated in 2017 and 2018, suggests that the corn crop in all treatments was
under moisture stress relative to 2016. While the amount of annual precipitation is important, a more
vital component is the timing of that precipitation event during critical corn growth cycles to minimize
water limited corn yields [52].

Three important soil fertility characteristics were evaluated in this study including, soil pH, M1
P, and M1 K concentrations. Soils were also collected annually in 5-cm topsoil increments because
the lack of mechanical mixing during conservation tillage operations was speculated to cause vertical
stratification in nutrient concentrations. Additionally, K is reported to readily leach through sandy
coastal plain soils after treatment with PL biochar [53]. Sampling, using this procedure, would allow
for the assessment of nutrient vertical stratification and for salt leaching, which may influence soil pH
or reductions in nutrient concentrations biding in the topsoil.

Th pH range for soils in the control and with biochar treatment (except soil treated with 100%
PL biochar) are well within the soil pH realm considered optimum (e.g., pH 5.5 to 6.5) for nutrient
availability in Coastal Plain soils [54]. In soil treated with 100% PL biochar, the increase in pH is not
unexpected because 100% PL biochars typically have calcareous pH values, due to high concentrations
of residual salts in their ash [6,11] and higher ash contents (Table 1). This condition is also related to
the Goldsboro soil having a limited ability to buffer salts contained with the 100% PL biochar [6]. With
the use of 100% PL biochar on sandy soils, it is important that resultant soil pH values do not exceed
seven, since Fe, Mg, Zn, and other micronutrients become less available for plant uptake [54,55].

Three of the six treatments had a significant impact of time on soil pH (Table 8). This condition
is probably related to salts leaching out of the biochar as a function of time, and re-establishing the
equilibrium with cations associated on clays and in the soil organic carbon pool. After displacement,
the salts would promote alkaline conditions because of the higher dissolved Ca and Mg concentrations.
Ranking the 2018 mean annual soil pH values grouped by topsoil depth were 100% PL > PC:PL
2:1 > PC:rSG 2:1 ≥ 100% PC > control > rSG treatment. This corroborates that the calcareous 100%
PL and PC:PL 2:1 biochars were more effective at raising pH values in the Goldsboro soil than the
other treatments.

Biochars, used as soil amendments, can contribute plant nutrients, such as P and K to bolster the
overall soil fertility status [14]. As shown in Table 9, biochars had different capabilities of supplying
P to soil. Expressing the relative effectiveness of these biochars and compost to supply M1 P to the
Goldboro soil are: 100% PL > PC:PL 2:1 blend > 100% PC > PC:rSG = rSG compost.

According to the recommended levels for agronomic crop growth in Coastal Plain soils, M1 P
concentrations presented in Table 9 show that they rank in the high (67 to 112 kg/ha) to very high
(+112 kg/ha; [54]) range. Obviously, adding 30,000 kg/ha of 100% PL biochar to the Goldsboro soil
grossly increased the M1 P concentrations to be much greater than the highest M1 P level recommended
for Coastal Plain sandy soils. The depth stratification of M1 P to about 10 cm is reflective of the biochar
being disked incorporated after application.

Potassium is an important plant nutrient because it is involved in many enzymatic functions,
regulates electrochemical balances between plant organelles, and contributes to osmotic potential
reactions of cells and tissues [56]. Because K is involved in many plant physiological functions,
for example, corn can have a high K nutrition requirement ranging from 3.2 to 28 kg/ha/d [57].
The exact K nutrition requirement varies with geographic locations due to differences in planting rate,
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soil water availability, and production stage of growth [57]. Typically, large fertilizer K2O rates are
applied annually for corn production. For example, K2O application rates ranged from 167 to 224 kg/ha
in a field corn experiment in a SC sandy Coastal Plain soil [58]. However, the actual amount of K2O
applied each year depends on antecedent M1 K soil tests values. For example, soil test M1 potassium
concentrations ranges for corn production in SC are low (<80 kg/ha); medium (80 to 175 kg/ha);
sufficient (176 to 204 kg/ha); high (205 to 263 kg/ha) and excessive (>263 kg/ha; [58]).

Here, the M1 K levels were measured in the Goldsboro control soil rank in the medium soil test
category, thereby suggesting a need to maintain inorganic K2O fertilizer additions. For the M1 K
concentrations, it is interesting that there was no depth effect in the Goldsboro soil treated with 100%
PL, PC:PL 2:1 biochar, or rSG compost (Table 10). This may be explained by a better degree of physical
mixing in these plots. In contrast, soil in plots treated with 100% PC biochar and PC:rSG 2:1 had
significant depth effects with greater concentrations measured at the 0 to 5-cm depth. The may be
linked to a relatively poorer degree of physical mixing or to the lack of K released from the cellulosic
material. Overall, the application of 30,000 kg/ha of 100% PL biochar increased M1 K concentrations,
so that it was in the excessive soil test range.

5. Conclusions

Customizing biochar properties to match specific soil deficiencies was suggested as a more
effective paradigm for biochar usage. The use of designer biochars was reported to more effectively
increase corn grain yields or biomass production, compared to a non-specific biochar. Here, we report
that designer biochars were able to improve important fertility properties (e.g., pH, M1 P, and K) in
the sandy Goldsboro soil. In spite of the noted soil fertility improvements, however, corn grain and
biomass yields were not significantly raised. In comparison, when averaged by year, annual mean
grain yield and biomass production both declined by about 30%. The declines were probably due
to weather fluctuations during critical corn growth stages (i.e., fertilization, seed filling). The lack
of significant improvement in corn yields in this study, corroborates the results from other biochar
field research projects, conducted in temperate regions. In conclusion, despite the Goldsboro soil
being extensively weathered, it still possessed sufficient soil fertility traits that, with good agronomic
practices and timely rainfall, can produce satisfactory corn yields.
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