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Abstract

Biochar and poultry litter have been proposed as soil amendments to improve soil health
in coarse-textured agricultural soils, yet their field performance under southeastern U.S.
conditions remains inconclusive. This two-year field study evaluated five biochar applica-
tion rates (0-44.8 Mg ha~!) combined with inorganic fertilizer or poultry litter on selected
soil health indicators in a sandy loam Ultisol under sweet corn production in the Georgia
Coastal Plain. Treatments were arranged in a randomized complete block design with
four replications and analyzed using linear mixed-effects models. Biochar application
did not significantly affect aggregate stability, pH, cation exchange capacity, soluble salts,
organic matter, active carbon, or estimated nitrogen mineralization, with only a marginal
three-way interaction observed for microbial respiration. Poultry litter significantly in-
creased microbial respiration relative to inorganic fertilizer, whereas responses for the
remaining soil health indicators were broadly similar between fertilizer sources. Year was
the dominant source of variation, with extreme rainfall in 2024 reducing aggregate stability,
soluble salts, microbial respiration, and nitrogen mineralization while increasing organic
matter and active carbon. These findings indicate that short-term soil health responses
were driven primarily by environmental conditions rather than management practices.
Under the conditions of this study, either fertilizer source can be used successfully, whereas
longer-term studies are needed to determine whether biochar aging enhances soil function
in sandy loam Ultisols.

Keywords: aggregate stability; biochar; cation exchange capacity; climate resilience; Coastal
Plain; microbial respiration; nitrogen mineralization; poultry litter; sweet corn; Ultisols

1. Introduction

Sustainable agricultural practices are increasingly crucial for improving soil health
and crop productivity while mitigating environmental impacts [1]. Sweet corn (Zea mays
var. saccharata) is a major economic driver in Georgia’s vegetable industry. According
to the 2023 Georgia Farm Gate Value Report, sweet corn ranked third among the top
vegetables in the state, with 25,074 acres (10,147 ha) planted, contributing $175 million in
production value and representing 13.11% of Georgia’s total vegetable value [2]. Given this
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economic importance, optimizing soil resilience is essential for ensuring the profitability
and long-term sustainability of the state’s vegetable industry.

Agricultural production in the southeastern U.S., particularly in the Coastal Plain
region of southern Georgia, is constrained by the predominance of Ultisols [3]. These
soils are characterized by low organic matter, natural acidity, poor water retention, limited
infiltration, and high liming requirements [4-6]. To address these constraints, biochar—
a carbon-rich byproduct derived from the pyrolysis of organic materials—has gained
significant attention for its potential to improve soil structure, water retention, and nutrient
dynamics [7,8]. In addition, poultry litter—a readily available organic fertilizer in Georgia,
one of the leading poultry-producing states in the United States—provides a cost-effective
source of nitrogen (N), phosphorus (P), and potassium (K) [2,9]. However, the land
application of poultry litter is not without challenges. If not managed properly, it can
lead to nitrogen losses through volatilization or leaching, reducing its agronomic efficiency
and posing environmental risks [10,11]. Furthermore, it can harbor pathogens, presenting
potential health concerns [12].

Field studies have demonstrated that soil management practices, including biochar
and organic amendments, can improve soil health and crop productivity [13]. A com-
prehensive review reported that biochar generally reduced soil bulk density by 3-16%,
increased water-holding capacity by 30-50%, and enhanced cation exchange capacity by
20-60%, with responses influenced by biochar feedstock, production conditions, appli-
cation rate, and soil characteristics [14]. Supporting these findings, hardwood biochar
increased soil pH from 5.8 to 6.7 while improving the availability of phosphorus, calcium,
magnesium, and potassium, although excessive application rates reduced sweet corn yield,
highlighting the importance of optimizing biochar application rates [15]. Poultry litter has
likewise been shown to improve soil fertility through sustained increases in soil carbon,
nutrient availability, cation exchange capacity, and soil pH compared with commercial fer-
tilizers, as demonstrated by a meta-analysis of 134 studies [16]. Supporting these findings,
long-term studies in southeastern U.S. Ultisols showed that poultry litter increased corn
grain yield by 18%, with even greater improvements when combined with conservation
tillage, demonstrating the long-term agronomic benefits of improved soil management [17].
When applied together, biochar and poultry litter further improved soil water-holding
capacity and reduced nutrient leaching compared with poultry litter alone, suggesting
complementary benefits for soil quality [18]. Despite these documented benefits, few field-
scale studies have evaluated how biochar application rate interacts with fertilizer source,
particularly inorganic fertilizer and poultry litter, to influence physical, chemical, and
biological soil health indicators in sweet corn production systems on the highly weathered,
low-organic-matter Ultisols of the Georgia Coastal Plain.

Furthermore, these soil management strategies have become increasingly important in
Georgia, where rising temperatures and shifting precipitation patterns over the past century
have increased the need for practices that enhance soil water retention, nutrient availability,
and resilience to environmental stress [19]. To address these gaps, this study evaluates
the effects of biochar application rates (0, 11.2, 22.4, 33.6, and 44.8 Mg ha~1) combined
with inorganic (granular) and poultry litter fertilizers on specific soil health indicators
in a bareground system in southern Georgia. While the corresponding crop yield and
agronomic performance data from this field trial are reported separately in a companion
study [20], the present work focuses strictly on the physical, chemical, and biological
dynamics of the soil profile. This research was conducted over two consecutive growing
seasons (2023-2024) to capture inter-annual climate variability. Specifically, the study
investigates biochar’s influence on (1) physical properties (aggregate stability), (2) chemical
properties (pH, cation exchange capacity [CEC], and soluble salts), and (3) biological

https:/ /doi.org/10.3390/agriengineering8070293


https://doi.org/10.3390/agriengineering8070293

AgriEngineering 2026, 8, 293

30f16

and nutrient-cycling indicators (organic matter, active carbon, CO; burst, and nitrogen
mineralization). We hypothesized that biochar application would enhance these soil health
indicators, with the magnitude of improvement depending on fertilizer type.

2. Materials and Methods
2.1. Experimental Site

Field trials took place during the spring seasons of 2023 and 2024 at the University of
Georgia (UGA) Hort Hill Farm in Tifton, Georgia (31°28'14.96" N, 83°31/53.11” W). The soil
texture at the research site is composed of 86% sand, 12% silt, and 2% clay. Prior to starting
the research, 50 composite soil samples (0-15 cm depth) were collected from the field and
analyzed for nutrient content using the Mehlich 1 extraction method at Waters Agricultural
Laboratory (Camilla, GA, USA). The results showed phosphorus (P) at 212.9 mg kg~ !,
potassium (K) at 51.3 mg kg~!, magnesium (Mg) at 23.2 mg kg~!, and calcium (Ca) at
376.8 mg kg~ !. Additionally, soil analysis revealed an organic matter content of 0.47%, a
pH of 5.8, and a cation exchange capacity (CEC) of 3.55 cmol kg~ !.

2.2. Experimental Design and Treatments

The experiment consisted of 10 treatments, combining five biochar application rates
(0,11.2,22.4,33.6, and 44.8 Mg ha_l) with two fertilizer types: inorganic (granular) and
poultry litter. These application rates were selected to represent a broad range commonly
evaluated in previous meta-analyses investigating the effects of biochar on soil properties
and crop productivity [21,22]. These treatments were confined to the same field plots for
two consecutive years. The trial was designed using a randomized complete block design
(RCBD) with four replications per treatment. Each replication consisted of a block contain-
ing all ten treatments, which were randomly assigned to individual plots within each block.
Blocks were delineated based on visible soil texture gradients and historical management
zones to account for spatial variability. A 2 m alley was maintained between blocks, and
1.5 m buffer zones separated plots within each block to prevent cross-contamination and
facilitate field operations. Each plot measured 16.7 m? (1.83 m x 9.14 m), with the total
experimental area covering approximately 0.8 ha.

2.2.1. Biochar Characteristics

The biochar used in this study was supplied by Wakefield Biochar (Valdosta, GA,
USA) and was produced from wood chips and plant residues via pyrolysis at 600 °C.
Comprehensive characterization was conducted by the International Biochar Initiative (IBI)
Laboratory (Columbia, MO, USA) following IBI-approved methods. The biochar had a
moisture content of 38.6% (wet weight), a bulk density of 10.6 Ib ft=3 (170 kg m~3), a pH of
8.84, and an electrical conductivity (EC) of 0.152 dS m~!. Total organic carbon content was
21.1% (total dry mass), with a hydrogen-to-carbon (H:C) molar ratio of 0.18 (well below the
0.7 IBI stability threshold), total nitrogen of 0.12%, and total ash content of 57.0% of total
dry mass. The liming value, measured as calcium carbonate equivalence, was 5.5%, with
carbonates contributing 3.9% as CaCOj3. The biochar exhibited a surface area of 205 m? g1
(correlated from butane activity of 2.3 g 100 g~ !). Particle size distribution was dominated
by the <0.5 mm (41.2%) and 2-4 mm (29.1%) fractions, with smaller contributions from
the 0.5-1 mm (8.6%), 1-2 mm (19.7%), and 4-8 mm (1.5%) fractions; no particles exceeded
8 mm; volatile matter content was 13.8% dry weight. On 20 February 2023, the biochar
was manually broadcast evenly over the soil surface of each plot at the predetermined
application rates (0, 11.2,22.4, 33.6, and 44.8 Mg ha1!). To ensure thorough incorporation
and uniform distribution within the active root zone, the biochar was immediately mixed
into the upper 15 cm of the soil profile during raised-bed formation.
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2.2.2. Fertilizer Applications

In both trial years, the target nitrogen application rate was 252 kg N ha~!, following
UGA Extension recommendations for sweet corn production [23].

The inorganic fertilizer regime began with a pre-plant application of 56 kg N ha~!
using a granular fertilizer (10.0N-4.3P-8.3K; Rainbow Fertilizer LLC, Americus, GA, USA),
applied on 27 February 2023 and 4 March 2024. Immediately following this application,
raised beds were formed to prepare the planting area. The remaining 196 kg N ha~! was
divided into two supplemental applications timed to key growth stages. The first occurred
at the V4 growth stage (four-leaf vegetative stage), with 112 kg N ha~! applied using the
same granular fertilizer (10.0N—4.3P-8.3K; Rainbow Fertilizer LLC) on 25 April 2023 and 26
April 2024. The second application took place at the VT growth stage (tasseling vegetative
stage), with 84 kg N ha~! applied using granular urea (46.0N-0P-0K; Rainbow Fertilizer
LLC) on 10 May 2023 and 9 May 2024.

The uncomposted poultry litter was sourced from a local broiler farm in Berrien
County, GA (31°18'45.51” N, 83°23/2.53" W). Prior to application, litter samples were
analyzed at Waters Agricultural Laboratory (Camilla, GA, USA) to determine nitrogen
concentration. Total nitrogen content was measured via high-temperature combustion
with a LECO Combustion Analyzer (LECO Corp., St. Joseph, MI, USA). On a wet-weight
(as-received) basis, the litter contained 31.1 g N kg~ ! in 2023 and 33.9 g N kg ! in 2024. To
achieve the target rate of 252 kg N ha~!, poultry litter was applied at rates of 8.1 Mg ha™!
in 2023 and 7.4 Mg ha~! in 2024. In both years, the poultry litter was applied 32 days prior
to planting and immediately incorporated into the soil. This incorporation timing adhered
to the USDA National Organic Program’s 90-day interval requirement between manure
application and harvest for crops grown in contact with soil, thereby mitigating the risk of
pathogen contamination [24].

2.3. Crop Management

The sweet corn cultivar selected for this study was ‘Obsession” (Seedway, Hall, N,
USA). Planting took place on 31 March 2023 and 2 April 2024 using a tractor-mounted
vacuum seed planter (Monosem 2-Row Planter; Edwardsville, KS, USA) to ensure accurate
seed placement and uniform spacing. Each plot contained two rows, with rows spaced
0.91 m apart and plants within rows spaced 15 cm apart, resulting in a target popula-
tion density of approximately 74,100 plants ha~!. Herbicide and insecticide applications
adhered to the University of Georgia (UGA) Extension’s standard recommendations [25].

2.4. Data Collection

Soil sampling was conducted in accordance with the guidelines and recommendations
of Robertson et al. [26]. Baseline samples were taken before raised-bed formation and prior
to planting. Subsequent soil samples were collected at approximately 30-day intervals
throughout the growing season. In 2023, sampling events occurred on 27 February, 29
March, 28 April, and 28 May. In 2024, sampling followed a parallel timeline on 4 March,
3 April, 3 May, and 2 June. During each sampling event, eight soil cores per plot were
extracted using a soil probe at a depth of 0-15 cm, specifically targeting the center of the plot
near the root zone to ensure representative sampling. The collected samples were placed
into labeled paper bags corresponding to their respective plots. To reduce moisture content,
soil samples were air-dried at room temperature for one week. Once dried, they were sieved
through a 2 mm mesh to eliminate unwanted materials such as rocks, roots, and debris,
ensuring only fine soil particles were retained for analysis. The cleaned samples were
then transferred to new, labeled paper bags to prevent cross-contamination and maintain
sample integrity until further processing. Environmental data, including temperature and
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precipitation, were collected for the duration of the experiment in both years from the
Georgia Automated Environmental Monitoring Network (AEMN) Tifton station [27].

2.5. Laboratory Analysis

The prepared soil samples were sent to Waters Laboratory (Camilla, GA, USA) for
soil health tests, conducted according to standardized protocols. Soil health refers to the
capacity of soil to function within ecosystem boundaries, sustaining plant productivity,
maintaining environmental quality, and promoting plant health [28]. Soil health encom-
passes soil’s physical, chemical, and biological properties, as all these components work
together to support its functions [29].

2.5.1. Physical Properties

Soil aggregate stability was measured using the Solvita VAST (Volumetric Aggregate
Stability Test) method [30]. A 1 cm? soil sample was placed on a 30-mesh stainless steel
sieve (0.5 mm opening) and gently dipped 20-30 times into a 600 mL beaker of water
over 20-30 s. After blotting excess water, the sieve was placed on a VAST Card, and the
remaining soil was measured to the nearest 0.25 unit. A second cycle involved rubbing
the soil gently to break down remaining aggregates, followed by 5-10 dips. Results were
recorded on the lab’s internal Volumetric Aggregate Stability Worksheet.

2.5.2. Chemical Properties

Soil pH was measured in a 1:1 soil-to-water suspension [31] using a LabFit pH An-
alyzer (Labfit, Perth, Australia) equipped with Orion 815600 ROSS electrodes (Thermo
Scientific Orion, Chelsea, MA, USA). Briefly, 20 g of air-dried, sieved soil was equilibrated
with 20 mL of deionized water for 10 min following a 5 s stir prior to measurement. Cation
exchange capacity (CEC) was calculated as the sum of exchangeable H*, K*, Mg?*, and Ca?*
ions (cmol kg 1) following extraction with neutral 1 M ammonium acetate (NH4OAc) and
quantification via atomic absorption spectroscopy (AAS) or inductively coupled plasma [32].
Soluble salts were determined by measuring electrical conductivity (EC) in a 1:2 soil-to-
water extract [33]. For this, 50 g of air-dried soil was shaken with 100 mL of deionized
water for 5 min and equilibrated for 1 h; the resulting supernatant was measured using a
calibrated ROSS conductivity probe according to manufacturer protocols.

2.5.3. Biological and Nutrient-Cycling Indicators

Soil organic matter (SOM) was estimated by loss on ignition (LOI) at 350 °C [34].
Briefly, a 2.5 g soil sample was oven-dried at 80 °C for 2 h, followed by ignition in a
mutffle furnace at 350 °C for 1.25 h. Organic matter content was calculated from mass loss
on a dry weight basis. Active carbon was evaluated as permanganate oxidizable carbon
(POXC) following Weil et al. [35]. A 2.5 g soil sample was reacted with 20 mL of 0.2 M
KMnOy solution, shaken for 2 min, and allowed to settle for 10 min before dilution and
spectrophotometric analysis at 550 nm. Microbial activity was quantified using the Solvita
CO,-Burst method [36]. Thirty grams of air-dried soil was rewetted with 9 mL of deionized
water and incubated in a sealed 475 mL jar at 20 °C for 24 h with a Solvita low-level CO,
probe. Carbon dioxide (CO;) evolution was measured using a Solvita Digital Color Reader,
and biological nitrogen mineralization was estimated using the equation described by
Haney and Haney [37], with modifications:

N Mineralization (kg ha=1) =[(30.5 x Log(CO,B) — 53) x 0.60] x 1.12085

This calculation is based on the 24 h aerobic incubation at 20 °C and relates microbial
respiration (CO;, evolution) to nitrogen mineralization potential.
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2.6. Data Analysis

All statistical analyses were conducted in R (Version 4.5.1) [38]. Soil response variables
were analyzed using linear mixed-effects models (LME) fitted by restricted maximum-
likelihood (REML) with the nlme package (Version 3.1-168) [39]. Biochar application rate,
fertilizer type, year, and their interactions were treated as fixed effects. The randomized
complete block design was incorporated by including block (replication) as a random
intercept, with plots nested within blocks (~1 | Rep/Plot) to account for spatial variability
and the correlation among repeated measurements taken from the same experimental
plots over the two-year period. The significance of fixed effects and their interactions was
evaluated using analysis of variance (ANOVA) on the fitted models. When significant
interactions were detected, simple effects were evaluated using estimated marginal means
(EM means) with the emmeans package (Version 1.11.1) [40], and pairwise comparisons
were adjusted using Tukey’s honestly significant difference (HSD) method to control
the family-wise error rate. Compact letter displays were generated using the multcomp
(Version 1.4-28) and multcompView (Version 0.1-10) packages [41,42] to denote statistically
homogeneous groups. Treatment means were visualized using ggplot2 (Version 4.0.3) [43].
Model assumptions were evaluated using normalized residuals, including Shapiro-Wilk
tests for normality and Levene’s tests for homogeneity of variance. Statistical significance
was declared at « = 0.05.

3. Results
3.1. Environmental Conditions

Weather conditions varied considerably between the two trial years and relative to the
30-year climate normal (1991-2020) during the primary growing months of March to June
(Figure 1). Average monthly temperatures followed a similar seasonal warming trend in
both years, though 2024 was consistently warmer, with seasonal averages ranging from
15.9 °C t0 27.0 °C compared to 14.9 °C to 25.7 °C in 2023 (Figure 1a). When compared to the
30-year normal daily maximum and minimum temperatures, early-season temperatures
in both years were generally near or above normal. However, late-season deviations
emerged: June maximum temperatures in 2023 (30.1 °C) fell slightly below the normal
maximum of 31.1 °C, whereas June 2024 (32.4 °C) markedly exceeded it, reflecting the
warmer conditions that characterized the latter half of that season. Rainfall distribution
and totals also deviated appreciably from the long-term average (Figure 1b). The 30-year
normal total precipitation for the March-June period is 398 mm. The 2023 growing season
accumulated 422 mm of rainfall, marginally exceeding the historical average by 24 mm. In
contrast, 2024 experienced substantially more frequent and intense precipitation events,
accumulating a total of 572 mm—150 mm more than the 2023 total and nearly 175 mm
above the 30-year normal. This marked shift in rainfall regime, coupled with the warmer
temperatures in 2024, contributed to the contrasting environmental conditions observed
between the two growing seasons.

To preserve experimental integrity under these localized environmental stressors, the
trial was established within the most topographically uniform area of the field. Precise GPS
coordinates were recorded to ensure the exact continuity and alignment of the plots across
both years, thereby reducing confounding effects associated with variable drainage patterns
and edge influences. Despite these rigorous spatial controls, the 2024 growing season
presented substantial management challenges due to extreme weather events (Figure 2).
Intense rainfall contributed to visible topsoil displacement and surface erosion, particularly
following a 64 mm event on 10 April 2024 (Figure 2a). Furthermore, the combination of
high-velocity winds and heavy precipitation on 18 May 2024 resulted in severe lodging
of the sweet corn crop (Figure 2b) and additional soil disturbance following a 38 mm

https:/ /doi.org/10.3390/agriengineering8070293


https://doi.org/10.3390/agriengineering8070293

AgriEngineering 2026, 8, 293 7 of 16

rainfall event on the same day (Figure 2c). These extreme conditions in 2024 likely affected
overall soil physical stability and nutrient dynamics, potentially increasing the risk of solute
leaching and surface runoff relative to the milder 2023 season.

194.6
30 200 183.6
164.6 167.4
o , =150
E = 12 125.7
@ 20 - I 100 88.1
g - £ 732 7
515 ~ - A7 S 83
2 et le7 50 A e
=" .
I B
-~ 0
March April May June March April May June
Month Month
Year ® 2023 ¢ 2024 ® 30-Year Average Year / Historical =~ 2023 B 2024 = 30-Year Average
(a) Average Monthly Air Temperature (°C) (b) Cumulative Monthly Rainfall (mm)

Figure 1. Environmental conditions at the Georgia AEMN Tifton station during the 2023 and
2024 growing seasons: (a) average monthly maximum (solid lines) and minimum (dashed lines)
air temperatures (°C) for 2023 (teal) and 2024 (orange), together with the corresponding 30-year
climate normals (1991-2020) shown as solid black (maximum) and dashed black (minimum) lines;
(b) cumulative monthly rainfall (mm) for 2023 and 2024, with the 30-year historical average shown as
gray semi-transparent bars (values shown above bars). Climate normals were obtained from NOAA
NCEI (station USC00098703) and represent the official 30-year baseline (1991-2020).

" 7 4 / 2 e £~ ~, e :m ‘\
(a) Soil erosion (10 April 2024) (b) Corn lodging (18 May 2024) (c) Surface runoff (18 May 2024)

Figure 2. Environmental damage and crop lodging due to extreme rainfall events during the 2024
growing season.

3.2. Soil Aggregate Stability

Soil aggregate stability was not influenced by biochar application rates (Figure 3a,
p = 0.752) or fertilizer type (Figure 3b, p = 0.522). However, year (Figure 3c) had a highly
significant effect (p < 0.001), with soil aggregate stability decreasing significantly by 27.8%

from 2023 (13.35%) to 2024 (9.64%). No interactions were detected between biochar, fertilizer,
or year.
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Figure 3. Soil aggregate stability as affected by (a) biochar rate, (b) fertilizer type, and (c) year.
Bars represent estimated marginal means =+ standard error (SE). Different letters indicate significant
differences according to Tukey’s honestly significant difference (HSD) test (o« = 0.05).
3.3. Soil Chemical Property Responses
Table 1 presents the effects of biochar application rates, fertilizer type, and year on soil
chemical properties (pH, CEC, and soluble salts).
Table 1. Effects of biochar rate, fertilizer type, and year on soil chemical properties.
Factor pH CEC (cmol kg—1) Soluble Salts (dS m~—1)
Biochar (Mg ha™1)
0 6.16 +0.14a' 457+024a 019+ 0.02a
11.2 578 £0.14a 422+024a 0.16 £0.02a
224 6.03 £0.14a 468+024a 0.18 £0.02a
33.6 629+ 0.14a 483+024a 022+0.02a
44.8 6.06 £0.14a 430+024a 019+0.02a
Fertilizer
Inorganic 5.94 + 0.08 a 442 +0.15a 0.18+0.01a
Poultry litter 6.19 £0.08 a 462+0.15a 0.20+£0.01a
Year
2023 6.08 £0.07 a 447 £0.12a 030£0.01a
2024 6.05+0.07 a 457 +£0.12a 0.07+£0.01b
Significance !
Biochar NS NS NS
Fertilizer 0.0579 . NS NS
Year NS NS <0.0001 ***
Biochar x Fertilizer NS NS NS
Biochar x Year NS NS NS
Fertilizer x Year NS NS NS
Biochar x Fertilizer x Year NS NS NS

! Values represent the estimated marginal means + standard error (SE). Within a column and factor, means
followed by different letters are significantly different according to Tukey’s HSD (« = 0.05). i For ANOVA
significance, p-values were interpreted as follows: p < 0.001, highly significant (***); 0.001 < p < 0.01, very
significant (**); 0.01 < p < 0.05, significant (*); 0.05 < p < 0.10, marginally significant (.); and p > 0.10, not
significant (NS).

3.3.1. Soil pH

Soil pH was not significantly influenced by biochar application rates (p = 0.1437)

or fertilizer type (p = 0.0579), while year and all interactions were also non-significant
(p > 0.146 for all). Although the fertilizer effect approached significance, Tukey-adjusted
post hoc comparisons showed no difference between poultry litter (6.19) and inorganic
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fertilizer (5.94). Among biochar rates, estimated means ranged from 5.78 (11.2 Mg ha~!) to
6.29 (33.6 Mg ha™!), but all rates shared the same grouping letter, indicating no significant
differences. Year had virtually no effect, with nearly identical values of 6.08 (2023) and
6.05 (2024).

3.3.2. Cation Exchange Capacity (CEC)

Cation exchange capacity (CEC) was not significantly affected by biochar application
(p = 0.3397), fertilizer type (p = 0.3368), or year (p = 0.2956), with estimated means ranging
from 4.22 to 4.83 cmol kg~ ! across biochar treatments. Although the 33.6 Mg ha~! rate
yielded the highest numerical CEC (4.83 cmol kg~ !) and the 11.2 Mg ha~! the lowest
(4.22 cmol kg~1), Tukey’s post hoc test revealed no significant differences among any
of the biochar rates, as all treatments shared the same grouping letter. Similarly, no
significant difference was detected between fertilizer types, with poultry litter (4.62 cmol
kg~ 1) and inorganic fertilizer (4.42 cmol kg ') being statistically equivalent. Year also had
no effect, with CEC values of 4.47 cmol kg’l (2023) and 4.57 cmol kg’1 (2024) showing
no significant difference. Furthermore, none of the two-way or three-way interactions
approached significance (all p > 0.257).

3.3.3. Soluble Salts

Soluble salt concentrations were not significantly affected by biochar rates (p = 0.6110)
or fertilizer type (p = 0.4240). However, the year had a highly significant impact (p < 0.0001).
Soluble salts in 2023 (0.299 dS m~!) were approximately four times higher than in 2024
(0.074 dSm™1), indicating a substantial decline in soil salinity levels during the second
year of the trial. Although numerical differences were observed among biochar rates, with
values ranging from 0.164 dSm~! (11.2 Mg ha!) t0 0.217 dSm~! (33.6 Mg ha '), Tukey’s
post hoc test confirmed no significant differences among any of the rates. Likewise, poultry
litter (0.195 dSm™') and inorganic fertilizer (0.178 dS m~ 1) were statistically equivalent.
No interactions between biochar, fertilizer, or year were detected for this variable (all
p > 0.705).

3.4. Soil Biological and Nutrient-Cycling Responses

Table 2 presents the effects of biochar application rate, fertilizer type, and year on soil
biological and nutrient-cycling indicators (organic matter, active carbon, CO, burst, and N
mineralization).

Table 2. Effects of biochar rate, fertilizer type, and year on soil biological properties.

Factor Organic Matter Active Carbon CO; Burst N Mineralization
(%) (mg kg—1) (ppm) (mg/kg—1)
Biochar (Mg ha™!)

0 055+ 0.02a' 289 +16.1a 221+1.78a 10.10 £ 0.79 a
11.2 0.51 £0.02a 262 +16.1a 153+ 1.78a 829+ 0.79a
224 053 +£0.02a 289 +16.1a 175+ 1.78 a 892+0.79a
33.6 054 +£0.02a 286 + 16.1a 21.0£1.78a 11.05+0.79 a
44.8 0.52 +0.02a 282 +16.1a 176 £ 1.78 a 9.36 + 0.79 a

Fertilizer
Inorganic 052+ 0.01a 272 +10.2 a 16.8+12b 9.03+0.52a
Poultry litter 054 +0.01la 291 +10.2a 206 +t12a 10.41 £ 052 a

Year

2023 049 £0.01b 259 +7.83 b 206 £1.05a 10.45 £+ 045a
2024 0.57 +0.01 a 304 +7.83a 16.8 £1.05b 899 + 045D
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Table 2. Cont.
Factor Organic Matter Active Carbon CO; Burst N Mineralization
(%) (mg kg~1) (ppm) (mg/kg~1)
Significance i

Biochar NS NS 0.0536 . 0.0579 .

Fertilizer NS NS 0.0210 * 0.0562 .

Year <0.0001 *** <0.0001 *** 0.0007 *** 0.0017 **
Biochar x Fertilizer NS NS 0.0382 *** NS
Biochar x Year NS NS NS NS
Fertilizer x Year NS NS NS NS
Biochar x Fertilizer NS NS 0.0672 . NS

X Year

! Values represent the estimated marginal means + standard error (SE). Within a column and factor, means
followed by different letters are significantly different according to Tukey’s HSD (« = 0.05). 1l For ANOVA
significance, p-values were interpreted as follows: p < 0.001, highly significant (***); 0.001 < p < 0.01, very
significant (**); 0.01 < p < 0.05, significant (*); 0.05 < p < 0.10, marginally significant (.); and p > 0.10, not
significant (NS).

3.4.1. Soil Organic Matter (OM)

Soil organic matter was not significantly affected by biochar application rate (p = 0.6009)
or fertilizer type (p = 0.2417). However, year had a highly significant effect (p < 0.0001),
with OM being significantly higher in 2024 (0.57%) than in 2023 (0.49%), representing a 16%
increase across growing seasons. Although numerical differences were observed among
biochar rates, ranging from 0.51% (11.2 Mg ha~!) to 0.55% (0 Mg ha~'), Tukey’s post hoc
test confirmed no significant differences among any of the rates. Likewise, poultry litter
(0.54%) and inorganic fertilizer (0.52%) were statistically equivalent. No interactions were
detected between biochar, fertilizer, or year (all p > 0.732).

3.4.2. Active Carbon (POXC)

Active carbon was not significantly affected by biochar application rate (p = 0.7479) or
fertilizer type (p = 0.1916). However, year had a highly significant effect (p < 0.0001), with
active carbon being substantially higher in 2024 (304 mg kg ') than in 2023 (259 mg kg~ 1),
representing a 17% increase. Although numerical differences were observed among biochar
rates, ranging from 262 mg kgfl (11.2Mg ha=') to 289 mg kg*1 (control and 22.4 Mg ha™1),
Tukey’s post hoc test confirmed no significant differences among any of the rates. Like-
wise, poultry litter (291 mg kg_l) and inorganic fertilizer (272 mg kg_l) were statistically
equivalent. No interactions were detected between biochar, fertilizer, or year (all p > 0.220).

3.4.3. Microbial Respiration (CO, Burst)

Microbial respiration, measured as CO, burst, was significantly influenced by fertilizer
type (p = 0.0210) and year (p = 0.0001), with a marginally significant effect of biochar rate
(p =0.0536). Poultry litter increased CO, bursts by 3.8 ppm (20.6 ppm) compared to
inorganic fertilization (16.8 ppm). Across years, CO, burst was significantly higher in 2023
(20.6 ppm) than in 2024 (16.8 ppm), representing an 18.4% decrease from the first to the
second year. The three-way interaction between biochar, fertilizer, and year approached
significance (p = 0.0672), suggesting that the response of microbial respiration to biochar
and fertilizer varied somewhat between years, though this effect did not reach conventional
significance levels. No significant two-way interactions were detected (all p > 0.216).

3.4.4. Three-Way Interaction Microbial Respiration (CO, Burst)

To further investigate the marginal three-way interaction noted above, a sliced parti-
tion analysis was conducted (Figure 4). The three-way interaction between biochar rate,
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fertilizer type, and year for microbial respiration (CO, burst) approached significance
(p = 0.0672). Significant differences among biochar rates were limited to the 2024 poultry
litter treatment, where the 33.6 Mg ha~! rate produced a significantly higher CO, burst
(25.3 ppm) than the 11.2 Mg ha~! rate (13.1 ppm; p = 0.0363). No significant differences
among biochar rates were detected in 2023 (regardless of fertilizer type) or in 2024 under
inorganic fertilization. Additionally, poultry litter significantly increased the CO, burst
compared to inorganic fertilizer at the 44.8 Mg ha~! rate in 2023 (p = 0.0309) and at the 33.6
and 44.8 Mg ha~! rates in 2024 (p = 0.0194 and p = 0.0299, respectively). Given the marginal
nature of the three-way interaction, these findings should be interpreted with caution.

p=0.0672

2024

CO2 Burst (ppm)
N
o

-
o

0 112 224 336 448 0 112 224 336 448
Biochar rate (Mg ha=")

Fertilizer @ Inorganic -® Poultry litter

Figure 4. Three-way interaction between biochar rate, fertilizer type, and year on microbial respiration
(CO; burst). Points represent estimated marginal means + standard error (SE). Means with different
letters are significantly different according to Tukey’s honestly significant difference (HSD) test
(e =0.05).

3.4.5. Estimated Biological N Mineralization

Estimated nitrogen mineralization was not significantly affected by biochar applica-
tion rate (p = 0.0579) or fertilizer type (p = 0.0562), though both approached significance.
However, year had a significant effect (p = 0.0017), with N mineralization being significantly
higher in 2023 (10.45 kg ha~?!) than in 2024 (8.99 kg ha~!), representing a 14.0% decrease
from the first to the second year. Although numerical differences were observed among
biochar rates, ranging from 8.29 kg ha~! (11.2 Mg ha~!) to 11.05 kg ha~! (33.6 Mg ha ™ !),
Tukey’s post hoc test confirmed no significant differences among any of the rates. Like-
wise, poultry litter (10.41 kg ha~!) and inorganic fertilizer (9.03 kg ha~!) were statistically
equivalent. No interactions were detected between biochar, fertilizer, or year (all p > 0.214).

4. Discussion
4.1. Environmental Context and Temporal Variability

The variability in climatic conditions across growing seasons critically shaped the
efficacy of soil amendments, underscoring the vulnerability of biochar and fertilizers
to environmental extremes [44,45]. The decline in aggregate stability during the wetter
2024 season reflects a saturation-driven destabilization typical of coarse-textured soils
under high-intensity precipitation [46]. Prolonged saturation during the wet 2024 season—
analogous to a “waterlogged sponge”—Ilikely challenged biochar’s ability to modulate
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soil hydrology, as its effects on water retention and hydraulic conductivity are highly
context-dependent [47]. Similarly, the sharp reduction in soluble salts during the wetter
year reflects enhanced leaching through the sandy profile, which offers minimal resistance
to vertical water movement [48,49].

The contrasting responses of biological indicators in 2024 present an intriguing pat-
tern. While organic matter and active carbon increased, CO, burst and N mineralization
decreased. This divergence suggests that the incorporation of sweet corn biomass from
the previous season provided an input of organic residues that contributed to soil organic
carbon accumulation, while wetter conditions promoted further organic matter accrual
through suppressed decomposition under anaerobic conditions, which limits microbial
respiration due to oxygen constraints and simultaneously reduces nitrogen mineralization
via inhibition of nitrification processes [50-52].

4.2. Limited Effects of Soil Amendments

While biochar is widely recognized as a potential amendment to increase soil pH
and cation exchange capacity [53], the responses observed in this two-year study were
inconsistent. For soil pH, this pattern suggests that the biochar’s alkalinity—derived
primarily from soluble ash constituents such as carbonates and exchangeable base cations
rather than from stable buffering mechanisms—was insufficient to offset the inherent acidity
and low buffering capacity of this sandy loam Ultisol [54,55]. The marginal increase in pH
under poultry litter, while not significant, is consistent with the well-documented liming
effect of organic manures arising from base cation inputs and their capacity to neutralize
protons generated during nitrogen transformation processes [56,57]. For CEC, the lack
of meaningful improvement stems from both biochar properties and soil mineralogy.
High-temperature pyrolysis produces a condensed aromatic structure with low surface
reactivity, and the surface oxidation required to generate CEC-contributing functional
groups proceeds slowly, typically over multi-year timescales [58]. Thus, within a two-year
window, significant CEC gains were unlikely from the outset, and longer-term studies
are required to determine whether aging effects eventually emerge [59]. The absence
of biochar x fertilizer interactions suggests that the sources acted independently rather
than synergistically.

4.3. Experimental Limitations

Several constraints temper the interpretation of these findings. The small plot size
provided a limited buffer against the lateral movement of biochar particles and dissolved
nutrients during intense rainfall, potentially allowing cross-contamination between adjacent
treatments [60]. High within-plot spatial variability in sandy loam soils likely increased
residual error, reducing statistical power to detect subtle treatment differences [61,62]. The
two-year experimental window is also too short for meaningful surface oxidation and CEC
development in a recalcitrant, high-temperature biochar, processes that typically unfold
over several years [63]. Finally, the bare-ground system lacks living root exudates and
mycorrhizal networks that may be necessary to fully activate biochar’s biological benefits
under field conditions [64].

4.4. Implications and Future Directions

Under the conditions tested, the biochar used in this study did not consistently im-
prove the selected soil health indicators. The lack of significant dose-response relationships
across most measured properties, combined with the dominance of year effects, suggests
that a single surface application of this high-temperature biochar in sandy loam Ultisols
may not provide immediate agronomic benefits. The only context in which biochar showed
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any effect was the marginal three-way interaction for CO, burst under specific conditions,
which, given its marginal significance, should not be overinterpreted.

These results do not rule out biochar’s long-term potential in this environment. The
two-year timeframe may have been insufficient for biochar to integrate with the soil matrix
and express its full range of effects. Future research should (1) extend evaluation periods
to capture biochar aging and surface oxidation dynamics; (2) use larger plots with buffer
zones to minimize cross-contamination under high-intensity rainfall; (3) test biochars with
higher organic carbon content and lower pyrolysis temperatures better suited to sandy-
loam, low-CEC Ultisols; and (4) examine how repeated extreme precipitation events affect
biochar particle redistribution and long-term retention in coarse-textured profiles.

5. Conclusions

This two-year field study evaluated the effects of biochar application rates (0-44.8 Mg
ha—') and fertilizer type (inorganic or poultry litter) on a selection of soil health indicators
in a sandy loam Ultisol of the Georgia Coastal Plain under sweet corn production. The
study’s most important finding was that environmental conditions—specifically, extreme
rainfall in 2024—were the dominant driver of changes in soil properties, overwhelming any
management interventions. Aggregate stability declined, soluble salts decreased substan-
tially due to leaching, and biological indicators exhibited contrasting responses: organic
matter and active carbon increased, while microbial respiration and N mineralization
decreased under waterlogged conditions.

Biochar application did not improve the measured soil health indicators during the
two-year study. No significant effects were observed for any measured property, with
the exception of a marginal three-way interaction for microbial respiration that should be
interpreted with caution. The limited response was likely associated with the properties
of the high-temperature biochar, which has relatively low surface reactivity and typically
requires longer periods for surface oxidation and the development of additional functional
groups. In contrast, fertilizer source produced broadly similar responses across the mea-
sured soil health indicators. Poultry litter significantly increased microbial respiration
relative to inorganic fertilizer, whereas differences in soil pH and N mineralization were
only marginal. These findings suggest that either inorganic fertilizer or poultry litter can be
used successfully in these production systems, allowing growers to base fertilizer selection
on factors such as cost, availability, and management objectives rather than expecting
substantial short-term differences across the soil health indicators evaluated in this study.

In practice, the biochar tested here did not consistently deliver short-term improve-
ments. The lack of positive dose-response relationships suggests that a single surface
application may not provide measurable short-term soil health benefits within a two-year
timeframe. Longer-term studies are required to determine whether biochar aging ultimately
improves the soil’s chemical and biological functions and whether its effects become more
apparent under less extreme environmental conditions. Given the increasing frequency
of intense rainfall events in the southeastern U.S., soil management strategies that build
resilience—such as cover cropping, reduced tillage, and organic matter management—
should be prioritized alongside biochar applications, particularly in environments prone to
intense rainfall.
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