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Abstract

Healthy soils are important to ensure satisfactory crop growth and yield.
Poultry litter (PL), as an organic fertilizer, has proven to supply the soil with
essential macro and micronutrients, enhance soil fertility, and improve crop
productivity. Integrating this treatment has the potential to improve soil
physical and biological properties by increasing soil carbon, C. However,
rapid decomposition and mineralization of PL, particularly in the hot and
humid southeastern U.S., resulted in losing C and reduced its effect on soil
health. Biochar and lignite have been proposed to stabilize and mitigate C loss
through application of fresh manure. However, their combined effects with
PL on C sequestration and soil health components are limited. A field expe-
riment was conducted on Leeper silty clay loam soil from 2017 to 2020 to
evaluate the combined effect on soil properties when applying biochar and
lignite with PL to cotton (Gossypium hirsutum L.). The experimental design
was a randomized complete block involving nine treatments replicated three
times. Treatments included PL and inorganic nitrogen, N, fertilizer with or
without biochar and lignite, and an unfertilized control. Application rates
were 6.7 Mg-ha™' for PL, 6.7 Mg-ha™ for biochar and lignite and 134 kg-ha™
for inorganic N fertilizer. Integration of PL and inorganic fertilizer with bio-
char and lignite, resulted in greater soil infiltration, aggregate stability, plant
available water, reduced bulk density and penetration resistance as compared
to the sole applications of PL and inorganic fertilizer.
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1. Introduction

Poultry litter (PL) has proven to supply the soil with macro and micronutrients
that can reduce the demand for synthetic fertilizers and improve soil fertility and
crop productivity [1] [2] [3]. In addition, PL has the potential to enhance soil
organic matter content while improving soil health. However, the rapid decom-
position of organic resources in the hot and humid southeastern U.S. results in C
loss which contributes to environmental pollution [4] and makes PL less effec-
tive for improving soil health. Since soil C/organic matter is considered a key in-
dicator of soil structure [5], innovative technologies and practices are needed to
conserve and protect organic matter from decomposition.

Recently, the application of biochar in agriculture has become more common
[6] [7]. Biochar is an organic C-rich by-product, which is characterized by stable
aromatic organic matter, high surface area, and variable functional groups [8]
[9]. These characteristics of biochar generate its ability to be highly resistant to
microbial degradation and are not easily mineralized by soil microbes [10]. Be-
sides being a highly stable C pool, biochar can also play a role in stabilizing C of
freshly added manure via mechanisms of sorption and physical protection [11].
Due to its porosity structure, soil C can be adsorbed or absorbed on the surface
or in the pores of biochar, thereby preventing C from decomposition [12]. Many
soil properties including soil bulk density, water holding capacity, storage of soil
organic C and N, hydraulic conductivity, and soil aggregation have been re-
ported to improve after the application of biochar [8] [13] [14] [15] [16]. How-
ever, the combined effects of biochar with PL and inorganic fertilizer on soil C
sequestration and health is still lacking.

Like biochar, lignite is a carbon-rich product, which is highly resistant to mi-
crobial degradation and remains in the soil for several years [17]. Lignite has a
similar chemical composition to biochar’s in terms of C, H, N and O propor-
tions [18]. Due to its high CEC or direct binding of NH,, Chen et al [19] re-
ported that addition of lignite to cattle feedlot reduced NH, volatilization; how-
ever, lignite application to agriculture fields is limited and the combined effect of
lignite with organic and inorganic fertilizer on C sequestration and soil health is
scare in the literature. Because of the high stability [11] and cation exchange ca-
pacity [20] of biochar and lignite, they have contributed to C sequestration and
soil quality improvement [21] [22]. Yet, co-application of biochar and lignite
with manure and inorganic fertilizer on soil health did not receive adequate re-
search attention, particularly in the southeastern agroecosystem. It is possible
that synergies may exist between different organic amendments, and thus,
co-application may represent the best option for maximizing the delivery of a
range of ecosystem services. To date, it is largely unknown if the integration of
biochar and lignite with PL and an inorganic fertilizer affect soil characteristics
or not. It was hypothesized that combined application of PL with biochar and
lignite improves soil physical, chemical and biological properties of soils. Field

experiments were carried out to test this hypothesis with the objective of deter-
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mining the combined effects of PL and inorganic fertilizer with biochar and lig-
nite on soil’s chemical, physical and biological properties in southeastern U.S.

agroecosystems.

2. Materials and Methods

A field experiment was conducted for four years (2017-2019) on Leeper silty clay
loam (fine, smectitic, nonacid, thermic Vertic Epiaquepts) soil at the Plant
Science Center of the Mississippi Agricultural and Forestry Experimental Station
(MAFES), Mississippi State to evaluate the impact of co-application of poultry
litter with biochar and lignite on soil physical, chemical and biological proper-
ties. The experiment site has a subtropical humid climate. The mean annual
temperature is 18°C, while January’s mean is 11°C and July’s mean is 25°C. An-
nual precipitation averages around 1425 mm with more than 900 mm falling
between October and April. The Leeper series consists of deep, somewhat poorly
drained soils that form in clayey alluvium on flood plains of the Alabama, Mis-
sissippi, and Arkansas Blackland Prairie (USDA NRCS, 2019). In spring 2017,
before initiating experiment, 20 soil cores were randomly taken at 0 - 15 cm
depth using a 2.5 - cm diameter soil probe, thoroughly mixed and one composite
sample was taken from the experimental area. The sample was air-dried, ground
to pass a 2.0-mm mesh and analyzed. Soil pH was measured on a 1:1 soil: CaCl,
(0.05 M) solution using a combination electrode (Accuphast electrode, Fisher
Scientific, Pittsburg, PA, USA). Total C and N were measured using a Vario Max
Cube Elemental CNS Analyzer (Elementar Americas, Inc. Mt. Laurel, NJ, USA).
Soil P, K, Ca, Mg, Cu, Zn, and Mn was assessed after extraction with Mehlich 3,
and then the elements were quantified using Inductively Coupled Plas-
ma-Optical Emissions Spectroscopy (ICP-OES, Varian, VistaPro; Varian Ana-
lytical Instruments, Walnut Creek, CA, USA). The modified ammonium acetate
compulsory displacement method [23] was used for CEC analysis. Background
soil characteristics are shown in Table 1. The experimental design was a rando-
mized complete block (RCB) with three replications. The treatments consisted of
a 3-by-3 full-factorial arrangement of amendments and fertilization types orga-
nized in a complete randomized design. Poultry litter was applied at the rate of
6.7 Mg-ha™" every year based on general assumption that 55% of total N is avail-
able for plant uptake in the first year of application. Biochar and lignite were
only applied at the beginning of the experiment in 2017 at the rate of 13.4
Mg-ha™'. Inorganic N fertilizer was applied at the rate of 134 kg-ha™' every year P
and K were applied based on Mississippi State Soil Testing Laboratory at the be-
ginning of the study. The field was prepared by minimum tillage where the beds
reformed without breaking down existing beds after harvesting cotton. In the
spring, organic amendments (biochar, lignite, and poultry litter) were hand ap-
plied. A do-all implement (ProTank & Equipment, Bell Equipment partner,
Greenwood, MS), was used to mix the materials into the soil surface without

breaking down the rows while ensuring the planting bed was smooth for planting.
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Table 1. Background soil characteristics at 0 - 15 cm soil depth before conducting the experiment and mean chemical properties
values of poultry litter (PL), biochar (BC) and lignite (L) used in the study for four years (2017-2019) at the Plant Science Center,
Mississippi State, MS.

Soil
Soil type BC PL Lignite
SCL
pH 7.1 8.5 7.6 5.5
Moisture, % 23 6.8 26 14
Total C, gkg™ 10.8 704 312 664
Total N, g-kg™ 0.73 2.2 33 2.6
C/N ration 14.8 320 9.5 255
P, gkg! 0.041 0.45 18 0.1
K, gkg™! 0.17 1.71 28 0.2
Ca, gkg™! 2.5 4.66 24 49
Mg, gkg™! 0.11 1.06 5.4 2.0
Cu, mgkg™ 387 344 161
Zn, mg-kg™ 780 631 138
CEC, cmol kg™ 24 38" - 75"
Surface area, m*g™' --- 279% --- 119

"Taghizadeh-Toosi et al. (2011). *Cerato and Lutenegger, 2002.

Poultry litter was obtained from a local broiler chicken operation and biochar
was produced from mixed hardwood feedstock and received from Department
of chemistry at Mississippi State University. Lignite was acquired from the Mis-
sissippi Coal Company located in Ackerman, MS. At the time of application,
poultry litter, biochar and lignite samples were collected and measured for initial
moisture levels. The samples were then air-dried, ground and analyzed for
chemical characteristics. The pH for these organic amendments was measured
with deionized water (1:10 w/v). Total N and C in the poultry litter, biochar, and
lignite were determined using a Vario Max Cube Elemental CNS Analyzer with
dry combustion. Total P, K, Ca, Mg contents of these soil amendments was es-
timated by dry-ashing a 1.0-g sample according to the procedures outlined by
Isaac and Kerber [24] and measured using ICP. Chemical characteristics of PL,
biochar and lignite are shown in Table 1.

Cotton was planted using a four-row planter on 10 May 2017, 8 May 2018,
and 17 May 2019 using cultivar DP 1664 and DP1614 at the seeding rate of
47,000 plants per hectare. Urea ammonium nitrate (UAN solution, 33% N) was
injected to a depth of 10 cm at 134 kg-ha™" (56 kg-ha™ at planting and 78 kg-ha™
at squaring). Field operation dates are shown in Table 2.

To monitor residual N leaching during the cotton growing season (May to
October), porous ceramic suction cup lysimeters (Soil Moisture Equipment
Corporation, Santa Barbara, CA) were installed in the center of each experimen-

tal plot after planting cotton. To ensure good soil-to-lysimeter contact, a thick
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Table 2. Date of field operations and poultry litter (PL), biochar (BC) and lignite (L) application dates in cotton cropping system
from 2017 to 2019 at the Plant Science Center, Mississippi State, Mississippi.

UAN solution

Planting BC/L/PL Cultivar Harvesting
First application Second application

10 May 2017 2 May 2017 13 May 2017 15 June 2017 DP 1522B2XF 24 Oct 2017

8 May 2018 2 May 2018 12 May 2018 16 June 2018 DP 1522B2XF 10 Oct 2018

17 May 2019 10 May 2019 20 May 2019 20 June 2018 DP 1646B2XF 9 Oct 2019

UAN = Urea ammonium nitrate.

slurry was prepared from the subsoil and poured into the bottom of the hole be-
fore inserting the lysimeter. The lysimeter vacuum system operated at 60 psi
with a portable vacuum pump and was activated before each anticipated rain
event. Leachate samples were collected 24 h after each rainfall event. Leachate
volume was measured after each rain event and a sub-sample was collected for
laboratory analysis. The N leached from the lysimeters was predominantly in the
form of nitrate. The leachate samples were analyzed for NO,-N using the Lachat
flow injection analyzer (Lachat QuickChem FIA + 8000 Analyzer, Loveland,
CO). Flow-weighted concentrations of NO;-N in leachate were determined by
dividing the total mass loss of NO,-N (summation of concentration of NO,-N
multiplied by leachate volume collected after each rain event) by the total lea-
chate volume collected in each month. These concentrations were recorded
monthly and averaged across the growing season.

The cotton was harvested using a spindle picker. In 2019, three years after fer-
tilization and amendment applications, post-harvest soil samples were collected
and analyzed for chemical, physical, and biological properties. Four soil cores
were taken between seeding rows and the edges of the bed at 0 - 15 and 15 - 30
cm depths in each plot. The cores were mixed thoroughly by corresponding
depth to represent one composite sample for each depth in each plot. The soil
samples were air-dried, and ground to pass through a 2 mm sieve. Total N (TN)
and total C (TC) of the soil samples were determined by automated dry combus-
tion methods using an Elementar VarioMax C/N analyzer. Soil P, K, Ca, Mg, Cu,
Zn and Mn was assessed after extraction with Mehlich 3 [25] and quantified us-
ing a Inductively Coupled Plasma-Optical Emissions Spectroscopy (ICP-OES,
Varian, VistaPro; Varian Analytical Instruments, Walnut Creek, CA, USA).
Water stable aggregate (WSA) was measured at 0 - 15 and 15 - 30 cm depths us-
ing wet sieving [26]. Soil WSA was calculated as:

WSA = soil stable aggregates weight/(unstable aggregates weight + stable aggre-
gates weight) * 100.

Soil bulk density was determined by using a hammer-driven core sampler
with an inner ring diameter of 5.7 cm. The ring pushed into the soil and soil core
was taken any excess soil was removed from the upper and lower edges of the
ring. The fresh weight of each core was recorded, and the core samples were

dried at 105°C in an oven. The soil dry weight was recorded, and the bulk densi-
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ty was calculated by dividing the dry weight by the volume of the soil.

Soil water content was measured at 33 kPa (field capacity, FC) and at 1500 kPa
(permanent wilting point, PWP). Soil samples were collected using small rings
(5 cm in diameter and 1 cm depth) at the same location and time as the soil
samples collected for measuring bulk density. The samples were saturated, set on
ceramic plates and placed into a high-pressure chamber.

Then either 33 or 1500 kPa pressure was applied to the chamber on the top of
the rings. This continued until all the water held above the matric potential of 33
or 1500 kPa had drained from the soil inside the rings. The samples were
weighed and oven-dried at 105°C for 24 hours to determine the water content at
33 and 1500 kPa water potential. Plant available water (PAW) was determined as
the difference between water content at FC and PWP [27].

Soil penetration resistance was measured at four random locations between
crop rows and wheel traffics in each sub-plot using a handheld cone penetrome-
ter (Findlay Irvine Ltd., Midlothian, Scotland). The penetrometer was inserted
into the soil at a rate of 2 cm-s™' and the resistance was recorded at the 15 and 30
cm depths.

In situ infiltration was measured by a double ring infiltrometer [28] at three
randomly selected locations on crop beds between seeding lines and the edge of
bed in each sub-plot. Two PVC pipe rings with 12.5- and 30-cm diameter were
inserted 5 cm into the soil. The short, small ring was placed inside the tall, large
ring. The inner ring was filled with water until the water overflowed into the tal-
ler ring. The water level in the taller ring continued to rise to the same level as
the inner ring. The time associated with the decrease in recorded water level in
the inner rings was used to compute infiltration rate. n 2019, after harvesting
cotton, two soil samples from 0-15 cm depth in the two middle planted rows of
each plot were collected and mixed thoroughly to create one composite sample
taken for soil enzyme activity analysis.

2.1. Soil Microbial Activity

Composite soil samples were processed from each plot were assayed for gravi-
metric moisture content, enzymatic activity, and quantitative polymerase chain
reaction. Soil samples were processed for moisture content using a 10 g aliquot
of each soil sample which was oven dried at 104°C for 24 h and reweighed to as-
sess soil moisture content. Enzymatic activity was assessed following a modified
protocol from Deng et al. [29]. Briefly, soil cores were homogenized, anda 1.0 g
aliquot (moist weight) was suspended in 120 ml sterile dH,O. The suspension
was homogenized via stomacher and transferred to a beaker with a stir bar. Soil
suspensions were placed on a horizontal shaker for 30 min at 140 RPM. The soil
suspensions were then subjected to the methods of Deng et al [29]. Enzymatic
assays for of p-N-acetyl-glucosaminidase, and p-glucosidase, acid phosphomo-
noesterase, and arylsulfatase were conducted at pH of 5.5 and 6.0, respectively.
All plates were incubated at 37°C for 1 h. Standard curves, background fluores-
cence (autohydrolysis) and blanks were included for all plates. All samples were
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performed in quadruple. Fluorescence measured outside 2 standard deviations
were removed from calculations. Values were measured as methylumbelliferone
(MUF) pmol-g™ (dry g).

DNA was extracted from soil using a FastPrep-24 homogenizer using MP
Biomedical FastDNA spin kits (MP Biomedical) following the recommended
manufacturer’s protocols. Prior to qPCR, DNA was serially diluted to avoid PCR
inhibitory compounds. Thel6S rRNA (ribosomal RNA), ureC, and phoA were
all measured according to Brooks et al. [30]. Soil fungal 18S rRNA was assessed
using primers and conditions as stated in Liu et al [31]. All quantitative poly-
merase chain reaction assays (QPCR) were performed on an Applied Biosystems
StepOne Plus real-time PCR system (Applied Biosystems; Foster City, CA). The
ABI PowerSybr PCR Mix (Applied Biosystems) with sybr green chemistry was
used with controls including assay-positive, negative, and inhibition controls.
Standard curves were generated from environmental, control stock bacterial or
fungal isolates as previously described (30). All sample results were reported as
absolute genomic unit per dry g soil (GU-g™"). Additionally, ureC, phoA, cbbLR,
and 18S rRNA GU.g individual plot values were normalized by dividing by 16S
rRNA values from the same plot.

2.2. Data Analysis

Statistical analysis was done using R software version 4.1.2 [32], including the
Ime4 [33], ImerTest [34], emmeans [35], and multcomp [36] packages. A sepa-
rate general linear mixed model was fitted for each response variable. The fixed
effects in the model were fertilizer treatment (with three levels: none added, fer-
tilizer added, and poultry litter added), soil amendment treatment (with three
levels: none added, biochar added, and lignite added, depth of measurement
(with two levels), two-way interactions and three-way interactions. A random
intercept was fit to each replicate. Response variables representing concentra-
tions (namely total C, total N, P, K, Cu, and Zn) were log-transformed prior to
analysis. Plots of model residuals were examined to ensure that the assumptions
of normality and homogeneity of residuals were met. An overall F-test
(ANOVA) was performed for each main effect and interaction term, using the
Kenward-Roger method to estimate denominator degrees of freedom. The esti-
mated marginal least-square means was calculated for each treatment combina-
tion averaged across soil depths, for each soil depth averaged across treatments,
and for each treatment combination within each soil depth. In each case, the
means were compared across treatments and/or soil depths using the Sidak ad-
justment for multiple comparisons to adjust the critical p-value and confidence
interval. After this adjustment, pairs of means with p < 0.05 were considered
significantly different. For the two response variables measured each year from
2017-2020 but not at multiple depths, separate general linear mixed models were
fitted using the same procedure as above, but the year was a categorical fixed ef-
fect instead of soil depth, including all two-way interactions and three-way inte-

ractions between treatments and year (Table 3).
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3. Results and Discussion
3.1. Soil Chemical Property

Soil Total C

Total C varied from 6.8 to 10.5 g-kg™' with the higher end of the ranges being for
biochar and PL addition. Application of PL with or without combination of bi-
ochar and lignite significantly enhanced soil total C (TC) as compared to the
control (Table 4). The greatest soil C content was obtained with the combina-
tion of biochar with PL which was 68% greater than the control (Table 4). Poul-
try litter, biochar and lignite contained 312, 704 and 664 g TC-kg™' (Table 1).
Based on C content and the rate, application of PL, biochar and lignite, added
2.1,9.4 and 8.9 Mg TC-ha™', respectively.

After three years of PL applications, soil TC was greater by 28% as compared
to unfertilized control (8.97 vs. 6.78 g-kg™', a net increase of 2.2 g-kg™ (Table 4).
Our results agree with Parker et al. [37] who reported application of PL to cotton
at the rate of 6.7 Mg-ha™" significantly increased soil TC by 26% at the 0- to
15-cm depth as compared with unfertilized control. Integration of biochar and
lignite with PL significantly increased soil TC by 16% (10.4 vs. 8.98 g-kg™") and
18% (10.6 vs. 8.98 g-kg™') a net increase 1.42 and 1.62 gkg™', respectively as
compared to PL alone (Table 4). The combined effect of biochar and poultry
litter as soil amendments on soil TC is confirmed by the findings of Frimpong et
al. [38], who concluded that C accumulation and sequestration are stimulated by
addition of biochar to the manure application. There was no difference in soil
TC obtained between biochar and lignite when they combined with PL (Table
4). Application of PL to cotton either alone or in combination with biochar and
lignite greatly increased soil TC by 20% (8.97 vs. 7.27 g-kg™') and by 43% (10.4
vs. 7.27 g-kg™') as compared to inorganic N fertilizer, respectively (Table 4). In
addition, the combination of biochar with PL resulted in greater soil C than ap-
plication of PL (Table 4). This increase of the total C in the combined biochar
with PL was because of the C not only added by the biochar and PL but also ad-
ditional C in the topsoil layers was added as microbes break down crop residues
storing more C in the soil [39] which contribute to organic matter buildup. Al-
though inorganic N is expected to benefit soil C by increasing plant residue [40],
differing concentrations were not seen in soil TC obtained between inorganic N
fertilizer and unfertilized control treatments (Table 4). In contrast to these re-
sults, Rasool et al. [41] reported that application of inorganic fertilizer increased
crop biomass, which ultimately enhanced soil TC as compared to the control.
However, Mulvaney ef al. [42] reported that application of inorganic fertilizer N
could enable microorganisms to consume soil C more readily and result in soil C
reduction. The combination of biochar and lignite with inorganic fertilizer re-
sulted in greater soil TC as compared to inorganic fertilizer alone because bio-
char is an important material that adds an abundance of carbon to the soil [43].
Increasing the soil’s organic matter not only affects soil fertility, but it also im-
proves soil physical conditions [44]. Total soil C significantly decreased as soil

depth increased. Reduction in soil TC with increasing depth can be explained by
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the accumulation of organic amendments and residues in the upper soil layer.
Averaged across fertilization treatments, soil TC at 0 - 15 cm depth was signifi-
cantly greater by 43% than at 15 - 30 cm depth (10.6 vs 6.9 gkg™, a net 3.5
g-kg™) (Table 4).

3.2. Soil Nutrient Contents

When compared to unfertilized treatment, application of PL significantly in-
creased soil total N and Mehlich-3 extractable P, K, Cu, and Zn as compared to
the unfertilized treatment (Table 4). Application of PL to cotton significantly
increased soil TN by 33% as compared to unfertilized control (0.842 vs. 0.632
g'kg™', a net increase 0.21 g-kg™') (Table 4). The nutrient constituents in biochar
are insufficient to provide a substantial amount of nutrients needed to support
plant growth if solely applied [45]. Integration of biochar and lignite with PL on
soil TN was not different from PL application alone. This is possibly due to low
nutrient contents of the biochar and lignite used in this study (Table 1), thus no
additive effects (Table 4). In contrast to our results, Seehausen et al. [46] re-
ported that combination of biochar with manure resulted in greater soil TN as
compared to manure application alone. They reported addition of biochar to the
manure reduced leaching losses of N. Co-applied biochar with inorganic N ferti-
lizer increased soil TN by 16% as compared to inorganic N fertilizer alone (1.183
vs. 1.018 g-kg™") (Table 4). This could be related to the reason that addition of
biochar to inorganic fertilizer decreased the ammonia loss due to the temporary
adsorption of NH," onto the biochar surface [47] [48]. This combination of bio-
char and lignite with PL significantly increased soil TN by 24% (0.783 vs. 0.632
g'kg™") and 27% (0.803 vs. 0.632 g-kg™"), respectively, as compared to the unferti-
lized control (Table 4). Although PL and inorganic N fertilizer were applied to
cotton at approximately equivalent N rate, soil TN with PL was 15% less than
soil TN with inorganic fertilizer (0.985 vs. 0.842 g-kg™") (Table 4).

Application of PL to cotton for three years resulted in significant increases in
soil P, K, Zn, and Cu concentrations as compared to the unfertilized control
(Table 4) and these effects were mainly occurred in the top 15 cm of the soil.
Application of PL either alone or in combination with biochar or lignite sub-
stantially increased soil P were compared to the control and inorganic N fertiliz-
er treatments (Table 4). Since the N:P ratio in PL was smaller than N:P ratio of
plant uptakes, the application of PL to cotton based on N needs of plants re-
sulted in soil P buildup. There was no significant difference in soil P content
between the inorganic fertilizer and the unfertilized control, which received no
supplemental P (Table 4). Integration of inorganic N fertilizer with biochar and
lignite had similar effects on soil P as compared to sol application of inorganic N
fertilizer and unfertilized control treatments (Table 4). However, combination
of PL with biochar significantly increased soil P by 9% (88.9 vs. 81.6 mg-kg™', a
net increase of 7.3 mg-kg™") (Table 4) compared to PL alone. This indicates that
biochar has a positive response to soil P and enhances available P in the soil so-

lution. Averaged across fertilization treatments, soil P at 0 - 15 cm depth was

DOI: 10.4236/0jss.2023.132006

132 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2023.132006

A. Adeli et al.

significantly greater by 4-fold (79.4 vs. 20.2 mgkg™) than at 15 - 30 cm depth
(Table 4), indicating less potential of P leaching with PL application in this
non-irrigated study. Application of PL significantly increased soil K, Cu and Zn
concentrations compared to inorganic N fertilizer and unfertilized control
(Table 4). Similar amounts of soil K, Cu and Zn contents were obtained between
inorganic N fertilizer and the control. Integration of PL with biochar and lignite
significantly reduced soil K, Cu and Zn concentrations by 19%, 41% and 18%
compared to PL alone (Table 4). The reduction in soil K, Cu and Zn with the
addition of biochar and lignite could be related to the high cation exchange ca-
pacity [11] [20], and the highly specific surface area [49] of these organic
amendments in which K, Cu and Zn were temporarily adsorbed and removed

from the soil solution.

Table 3. Analysis of variance (ANOVA) probability values for the effect, fertilization and amendments treatment and their inte-
raction on soil total C (TC), Total N (TN), phosphorus (P), potassium (K), copper (Cu), zinc (Zn), bd (bulk density), PR (penetra-
tion resistance) and WSA (water stable aggregate) in post-harvest samples at Mississippi Plant Science Center, Mississippi State,

MS.

model term

TC TN P K Cu Zn bd PR PAW WSA

fertilizer/poultry litter
soil amendment (biochar/lignite)
depth

fertilizer x amendment

fertilizer x depth

amendment x depth

fertilizer x amendment x depth

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001 0.23 0.69 0.4 <0.0001 0.29 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.5
<0.0001 0.32 0.024 0.0032 0.011 0.13 <0.0001 <0.0001 <0.0001 <0.0001
0.00034 0.018 0.26 0.42 0.00023 0.0028 0.41 <0.0001 <0.0001 <0.0001
0.0047  0.58 0.02 0.11 0.014 0.12 0.025 <0.0001 <0.0001 0.0014
0.9 0.85 0.36 0.86 0.45 0.7 0.4 <0.0001 <0.0001 0.075

Table 4. Effects of poultry litter and inorganic N fertilizer either alone or in combination with biochar and lignite applied to cot-
ton on soil total C (TC), total N (TN), phosphorus (P), potassium (K), copper (Cu) and zinc (Zn) at Mississippi Plant Science

Center, Mississippi State, MS in 2019.

Control
Control
Control
Fertilizer
Fertilizer
Fertilizer
Poultry litter
Poultry litter
Poultry litter
Depth
0-15cm
15-30cm

Control
Biochar
Lignite
Control
Biochar
Lignite
Control
Biochar

Lignite

TC TN P K Cu Zn
g'kg™! mg-kg™! g'kg™! mg-kg™!

6.69 a 0.618 a 13.7 ab 0.165 a 0.755b 1.48 bc
9.07 def 0.648 ab 12.8a 0.163 a 0.76 b 1.62 ¢
9.61 efg 0.633 ab 14.5 ab 0.184 a 0.683 b 1.64 ¢
7.07 ab 0.99 cd 14.3 ab 0.158 a 0.764 b 1.14 abc
7.73 bc 1.05d 15.4 ab 0.167 a 0.7b 0.85 ab
8.15¢cd 0.886 cd 164 b 0.165 a 0.477 a 0.706 a
8.86 de 0.829 ¢ 64.2 ¢ 0.424 ¢ 5.74 ¢ 11d

10.1 fg 0.794 bc 66.2 c 0.347 bc 4.27 ¢ 12.1d

104 g 0.791 bc 58.2 ¢ 0.331b 4.47 c 10.4d

10.5b 0.925b 48.2b 0.279b 1.62b 6.32b

6.95a 0.677 a 116 a 0.168 a 1.05a 0.983 a

*Means within a column followed by different letters are significantly different (P < 0.05).
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3.3. Soil Physical Properties

3.3.1. Bulk Density

Application of PL with or without biochar and lignite significantly reduced bulk
density when compared to the control (Table 5). Poultry litter application re-
duced bulk density by 3% as compared to the control and inorganic N fertilizer
(1.22 vs. 1.27 g-cm™). Tejada and Gonzalez [50] reported that chicken manure
application as an organic fertilizer to a clay loam soil resulted in a 20% decrease
in bulk density compared to the control. Soil amended with organic manure has
been reported to have lower bulk density, higher porosity, and moisture content
relative to chemical fertilizer [51]. In general, decreased bulk density is asso-
ciated with the low particle density of organic matter in the soil from PL applica-
tion. Bronick and Lal [52] reported that organic components play a role in lo-
wering bulk density because the soil mineral fractions are diluted with organic
components improving aggregation. Addition of biochar and lignite to PL re-
duced bulk density compared to PL alone (Table 4). The reduction in bulk den-
sity with biochar application could be related to the porous nature and low bulk
densities of biochar [53]. Soil bulk density was similar between inorganic N fer-
tilizer and unfertilized control treatment (Table 5). The lowest bulk density of
1.193 g-cm™ was obtained when both biochar and lignite were combined with
PL and the greatest value was recorded in the control and inorganic fertilizer
treatments. In addition, the improvement in soil physical properties due to bio-
char application could be related to providing better habitat for soil microorgan-
isms [54] improved soil organic matter and aggregation [17]. The results agree
with Pagliali & Antisari [55] who reported reduced bulk density is associated
with the beneficial effects of total organic carbon C added to the soil from or-
ganic amendments on aggregate formation and increase in soil macro pore vo-
lume. Soil bulk density significantly increased by increasing soil depth. Averaged
across fertilization treatments, soil bulk density was significantly less by 3% in
the surface soil (0 - 15 cm) than in subsurface (15 - 30 cm) (1.22 vs. 1.26 g-cm™)
(Table 5). This can be attributed to the greater soil C content in the surface soil
(Table 4) as also reported by Celik et al [56] and more compaction in the sub-
surface layer resulting from continuous cultivation practice with intercultural
operations [57]. Reduction in soil bulk density is important for increasing crop

root systems which enhances crop nutrients and water use efficiency.

3.3.2. Penetration Resistance (PR)

Poultry litter treatment significantly reduced soil PR by 24% compared to the
control (1.50 vs 1.97 MPa) and by 16% compared to inorganic N fertilizer treat-
ment (1.50 vs. 1.80 MPa) (Table 5). The results agree with Feng et al. (2019) who
reported that applying 6.7 Mg pelleted poultry litter-ha™ to cotton for 4 years
significantly reduced penetration resistance in the top 5 cm layer, as compared
with the N fertilizer and control treatments. Integration of biochar and lignite
with PL was more effective in reducing soil penetration resistance than PL alone.

Addition of biochar and lignite to PL significantly reduced penetration resis-
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tance by 7% (1.40 vs. 1.50 MPa) as compared to PL alone (Table 5). Inorganic N
fertilizer also reduced penetration resistance by 9% (1.80 vs. 1.97 MPa) as com-
pared to the control (Table 5), which could be related to greater addition of cot-
ton aboveground biomass and crop residue into the soil (data not shown) with
consequent increase in soil total C content than the control [58]. Addition of bi-
ochar to inorganic N fertilizer plots significantly reduced penetration resistance
by 12% (1.74 vs. 1.97 MPa) and 3% (1.74 vs. 1.80 MPa), respectively as compared
to the control and inorganic fertilizer alone (Table 5). The lowest resistance val-
ue of 1.40 MPa was obtained when biochar was added to PL plots and the great-
est value was recorded with the control. The combination effect of biochar and
lignite on soil penetration resistance were similar (Table 5); therefore, and the
values were greater than the control and inorganic N fertilizer. These results
agree with Zhang [59] who reported a significant decline in soil strength with
application of organic amendments. Reduction in bulk density and improve-
ment in aggregate stability in the top 0 - 15 cm depth may explain the lower soil
penetration resistance where organic amendments were applied. Soil penetration
resistance increased with increasing soil depth in all the treatments, most likely
due to higher intrinsic bulk density of the soil at deeper layers [60]. Averaged
across fertilization treatments, soil penetration resistance at 0 - 15 cm depth was
significantly less by 29% than 15 - 30 cm depth (1.32 vs. 1.87 MPa) (Table 5).

Table 5. Effects of poultry litter and inorganic N fertilizer applied to cotton either alone or in combination with biochar and lig-

nite applied to cotton on soil bulk density (pd), penetration resistance (Pr), plant available water (PAW), water stable aggregate
(WSA) and infiltration at 0 - 15 and 15 - 30 cm depth at Mississippi Plant Science Center, Mississippi State, MS in 2019.

bd PR PAW WSA
Fertilizer amendments
g-cm™ MPa %
Control Control 1.27 ¢ 197 e 19.1a 522 a
Control Biochar 1.19a 146 b 334 ef 72.7 cd
Control Lignite 1.18 a 141a 348 f 73.8d
Fertilizer Control 1.27 ¢ 1.8d 235D 53 ab
Fertilizer Biochar 1.26 ¢ 1.74 ¢ 273 ¢ 54.3 ab
Fertilizer Lignite 1.27 ¢ 1.7 ¢ 28.3 cd 55.2b
Poultry litter Control 1.22b 1.48b 29.7d 70.3 ¢
Poultry litter Biochar 1.19a l4a 325e 732 cd
Poultry litter Lignite 1.2 ab 1.38a 33 ef 74.5d
Depth

0-15cm 12a 1.32a 273 a 64.2 a
15-30cm 1.25b 1.87b 309b 64.5a

*Means within a column followed by different letters are significantly different (P < 0.05).
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3.3.3. Water Stable Aggregate (WSA)

Applying PL for three years significantly increased soil aggregate stability (WSA)
by 35% as compared to the control (52% vs. 70 %) (Table 4). Soil WSA at 0 - 15
cm depth in plots treated with PL was greater than the plots treated with inor-
ganic N fertilizer. The greater aggregate stability with PL than inorganic N ferti-
lizer and the control could be related to increased soil total carbon with PL ap-
plications (Table 4) which promotes the formation and stability of soil ma-
cro-aggregates and stabilizes aggregates [61]. The beneficial role of manure on
formation and stabilization of aggregates could be attributed to the marked ef-
fect on certain polysaccharides formed during decomposition of organic resi-
dues by microbial activity [62]. Palaniappan [63] has reported that the humic
substances penetrate the interlamellar spaces of clay minerals, influence the in-
teraction of clay with other soil constituents and promote formation of aggre-
gate. There were no differences obtained in WSA between inorganic N fertilizer
and the control treatment. Although application of inorganic N fertilizer in-
creases crop residue, which could contribute to soil organic matter [5] and soil
aggregation, the effect of applying inorganic N fertilizer on WSA in the present
study was not better than the unfertilized treatment (Table 5). Integration of bi-
ochar and lignite with PL was more effective in increasing soil WSA than broiler
litter alone. Addition of biochar and lignite to PL significantly increased WSA by
6% as compared to PL alone (70% vs 74%) (Table 5). Soil aggregate stability
ranged from 52% in the control to 75% with integration of biochar and lignite
with PL (Table 5). Biochar and lignite have similar effects on soil aggregate sta-
bility when combined with PL and inorganic fertilizer (Table 5). Averaged
across fertilization treatments, soil WSA at 0 - 15 cm depth was significantly less
by 2% than 15 - 30 cm depth (62.8% vs 63.8%) (Table 4)

3.3.4. Infiltration

Keeping rainwater into the soil enhances crop growth and yield in dryland fields.
After four years of PL application at the rate of 6.7 Mg-ha™' to cotton significant-
ly increased water infiltration rate from 106 mm-h™ in the control plots to 146
mm-h™ in PL treated plots (38% increase) (Figure 1), indicating more rainwater
would percolate during rainfall events. Increase water infiltration with PL appli-
cation could be related to an increase in macrospores created by soil microbial
activity because of poultry manure application [64]. Soil organic matters gener-
ated from animal by-products, are reported to bind soil particles together into
clods and aggregates, improve structure and permeability, and subsequently in-
fluence the infiltration rate [65]. Sarkar et al [66] also reported that addition of
organic materials had increased moisture-retention capacity and infiltration rate
of the surface soil. Inorganic N fertilizer treatment did not affect soil infiltration
as compared to unfertilized control (111 vs 106 mm-h™") and was less effective in
improving infiltration rate than PL (111 vs. 146 mm-h™"). The lower infiltration
values with inorganic N fertilizer and unfertilized control than with PL is most

likely related to low C input (Table 4), high soil penetration resistance and bulk
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Figure 1. Effects of poultry litter (PL) and inorganic N fertilizer
(Fert) either alone or in combination with biochar (BC) and lignite
(L) applied to cotton on post-harvest water infiltration at Mississippi
Plant Science Center, Mississippi State, MS in 2019. Error bars
represent standard deviation of the means.

density (Table 5) with those treatments. Addition of biochar and lignite to PL
significantly increased water infiltration by 12% (146 vs. 164 mm-h™") as com-
pared to PL alone (Figure 1). Addition of biochar and lignite to inorganic N fer-
tilizer plots increased water infiltration by 9% (111 vs. 122 mm-h™") as compared
to inorganic fertilizer alone (Figure 1) The greatest water infiltration value of
164 mm-h™" was obtained when both biochar and lignite were added to PL plots

and the smallest value was recorded with the unfertilized control.

3.3.5. Plant Available Water (PAW)

There were no differences in plant available water content obtained between PL
and biochar treatments (Table 5). Application of PL significantly increased soil
water content more than both inorganic fertilizer and the control (Table 5). The
combination of biochar and lignite with PL resulted in greater plant available
water in the soil than PL and biochar application alone (Table 5). No difference
in soil water content was obtained with application of inorganic N fertilizer and
unfertilized control (Table 5). However, combination of biochar with inorganic
N fertilizer resulted in greater soil water content than the control (Table 4). Av-
eraged across fertilization treatments, no difference in soil water content was
obtained with increasing soil depth (Table 5). The improved moisture content
of the soil due to biochar was adduced to the porous nature of biochar which
would have allowed it to retain water in its micro and mesopores [67]. The im-
proved moisture content with poultry manure application can be adduced to the
mulching effect and improved moisture retention which improves soil structure
and macro porosity [68]. Adekiya [67] also found that poultry manure applica-

tion enhanced the moisture content of the soil as compared to the control.
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3.3.6. Leachate Volume and NOs-N Contents

Soil leached volume, the amount of water collected at 45 cm depth, is highly in-

fluenced by rain events. The amount of rain during cotton growing season from

May to October was in the order 2018 < 2017 < 2019. The highest quantity of

leached volume was obtained from the control plots in all three growing seasons

and was accompanied by having the lowest cotton aboveground biomass pro-

ductions (data not shown). Averaged across treatment per year, the amount of

leached water was 479, 369 and 613 ml in 2017, 2018, and 2019 respectively.

Leached volume with organic amendments was smaller than inorganic fertilizer

and the control. For example, PL application significantly reduced leached vo-

lume of water by 13%, 8%, and 7% as compared to inorganic N fertilizer and by
14%, 16%, and 15% compared to the control in 2017, 2018, and 2019 (Table 6),

indicating a significant reduction in subsurface water flow with PL. Combina-

tion of biochar with PL significantly reduced leached volume by approximately

34% each year as compared to poultry litter alone (Table 6). This is most likely

related to the hydrophobicity property of biochar [69] and the potential of bio-

char in enhancing soil water holding capacity and leaching reduction [70] [71].

Novake et al. [71] reported that the structural properties of biochar can help to

retain water and nutrient concentrations. The integration effects of biochar and

PL on leached volume of water reductions are most likely associated with the ef-

fect of organic matter added to the soil by these organic amendments altering the

soil water holding capacity [72]. It appeared that the combination of these two

amendments had an additive effect and showed the highest soil water retention as

evidenced by the lowest amount of leached water obtained in 2017, 2018, and

2019 (Table 6). This synergism suggests that mixing biochar with PL represents a

strategy to retain more water in the soil and reduce the runoff from the field.

Table 6. Effects of poultry litter and inorganic N fertilizer applied either alone or in combination with biochar and lignite on the

volume of leachate and NO;-N concentration in leached water averaged across leachate collection events in each growing season

at Mississippi Plant Science Center, Mississippi State, MS.

Mean leachate volume

Mean leached NO,-N

Treatment amendment 2017 2018 2019 2017 2018 2019
ml mg-L™!

Control Control 610 a 501 a 791 a 7.5d 8.1d 7.6¢€
Poultry litter (PL) Control 521b 425 ¢ 680 ¢ 14.4 bc 15.6 bc 17.6 bc
Fertilizer (FRT) Control 600 a 460 b 730 b 219a 22.8a 24.6 a
Poultry litter (PL) Biochar (BC) 335e 275 e 420 h 8.5d 10.7d 12.2 de
Poultry litter (PL) Lignite (L) 347 e 285 e 450 g 10.6 cd 122 cd 134 cd
Fertilizer (FRT) Biochar (BC) 488 ¢ 325d 633d 16.3b 17.b 17.8 bc
Fertilizer (FRT) Lignite (L) 457 d 315d 590 e 14.3 bc 16.7b 18.7b

PL+BC+L 358 e 322d 532 f 7.2d 74e 7.0e

LSD 5, 283 18.6 24.7 4.11 4.10 445

*Means within a column followed by different letters are significantly different (P < 0.05).
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The combination of biochar with inorganic N fertilizer also significantly re-
duced the magnitude of leached volume by 19%, 29%, and 14% as compared to
inorganic N fertilizer alone (Table 6). This was also related to the addition of
organic C from carbon-rich biochar to inorganic N fertilizer plots which resulted
in reducing leached volume by improving soil water holding capacity. Increasing
soil water holding capacity may reduce irrigation frequency or irrigation vo-
lume, which in turn may reduce the risk of N leaching loss, from inorganic N
fertilizer applications [73].

Like biochar, combination of lignite with PL and inorganic N fertilizer re-
sulted in a reduction of leached volume as compared to PL and inorganic ferti-
lizer applications alone in 2017, 2018, and 2019 (Table 6), indicating the poten-
tial of lignite in preventing soil water from loss by the addition of stable C to the
soil. No differences on the quantity of leached volume were obtained between
biochar and lignite when combined with PL in all four years. The N leached into
the soil was predominantly in the form of nitrate and was strongly increased by
fertilization and rain events.

In all years, mean NO,-N concentrations in the leachate was significantly less
in the control, than in plots that received PL and inorganic N fertilizer (Table 6).
The highest NO,-N concentrations in the leached water were obtained with in-
organic N fertilizer in 2017, 2018, and 2019 (Table 6). Although PL and inor-
ganic N fertilizer were applied to cotton at an equivalent N rate, mean NO,-N
concentrations in the leached water from PL was significantly less by 34%, 32%,
and 28% than inorganic N fertilizer applications in 2017, 2018, and 2019, respec-
tively. The greater NO,-N concentration in the leachate from inorganic N ferti-
lizer most likely related to the solubility of N and potential leaching loss mainly
at the time of application (data not shown) compared to PL because PL de-
rived-N is in the form of organic N and slowly mineralized to the soluble form
during the cotton growing season. The combination of biochar with PL signifi-
cantly reduced the mean NO,-N content in leached water by 41%, 31% and 32%
in 2017, 2018, and 2019 as compared to PL alone. However, lignite did not affect
the mean NO;-N content in leached water as compared to PL alone (Table 6).
No difference in mean NO3-N concentrations in leached water was obtained
between lignite and biochar when they combined with PL in all four-growing
seasons (Table 6). It appears that adsorption of N by lignite and biochar did not
have a negative effect on available N in the soil as evidenced by plant N uptake
and no difference in plant N uptake was obtained between biochar and lignite
when they were combined with PL in 2017, 2018, and 2019 (data not shown).

Like PL, the combination of biochar and lignite with inorganic N fertilizer
significantly reduced the mean NO;-N in leached water as compared to inor-
ganic N fertilizer treatment alone (Table 6). The reduction of NO3-N could have
resulted from ion exchange and electrostatic adsorption to the biochar’s surface
functional groups [74] [75], thus, rendering less available N [76] for leaching. No
difference in NO;-N in leached water was obtained between biochar and lignite
when they combined with inorganic N fertilizer treatment (Table 5). Like bio-
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char, addition of lignite to inorganic N fertilizer significantly reduced NO,-N in
leached water as compared to the application of inorganic N fertilizer and no
differences in NO,-N concentrations were obtained between biochar and lignite
(Table 6). This indicates lignite and biochar are more effective in controlling N
when combined with PL and inorganic N fertilizer than individual fertilization.

Thus, biochar and lignite are agronomically and environmentally sound.

3.4. Soil Enzyme and Gene Levels

Opverall, soil enzymatic levels were not significantly influenced by treatments;
however, there were numerous genes that were significantly influenced by
treatments (Table 7). Soil for biological samples was collected mid-season in the
final year, to maximize the cumulative effects of treatments; however, it is possi-
ble that effects were only observable early in the study. Soil S-glucosidase activity
varied minimally, per treatment, from a mean of 8.96 x 10* to 1.97 x 10° pmol
dry-g™' while soil B-N-acetyl-glucosamindase activity varied from a low mean of
5.35 x 10* to 1.20 x 10° pmol dry-g™'. Mean soil phosphomonoesterase and aryl-
sulfatase activity were also not significantly different due to the treatment effect
with means varying between 1.56 x 10° and 2.74 x 10° pmol dry-g~'. Analysis of
enzyme activity based on fertilizer (poultry litter, inorganic fertilizer, control)
and C amendment (lignite and biochar) demonstrated no effects or obvious

trends.

Table 7. Absolute soil bacterial gene levels (GU-g™'), and the analysis of variance (ANOVA) probability significance for the effect

of fertilization or soil amendment treatments on normalized gene levels in experimentally treated plots at the end of the final

growing season at Mississippi Plant Science Center, Mississippi State, MS.

Treatment amendment 16S
Control Control 6.3 x 10"
Poultry

Control  7.08 x 10"
litter (PL) ontro

Fertilizer

Control 7.62 x 10"
(FRT) ontro.

Poultry

Biochar (BC) 6.49 x 10'!
litter (pr) Diochar (BC) x

Poultry

Lignite (L)  5.86 x 10"
litter (p)  i8nite (L)

188 ureC phoA cbbLR 18S/16S ureC/16S phoA/16S cbblR/16S

Treatment Normalized Ratio
Combinations (gene/16S) Probability

3.06 x 10" 1.7x10° 8.64 x10° 3.93 x 107 BCorL *

PL, PL + BC,

8.72x 10" 3.44x10* 6.73x10° 6.75x 10’ and PL + L or *

Control

PL or all other

3.7x 10" 277 x10° 8.73x10° 5.00 x 107 *

treatments

PL, PL + BC,
and PL + L or

4.28 x 10" 2.72x 10® 9.18 x 10° 4.11 x 10’ *

all other
treatments

4.35x 10" 237 x10® 1.19x 10° 3.98 x 107

Fertilizer
! Biochar (BC) 6.83 x 10! 4.25 x 10'! 2.55 x 10® 2.74 x 10° 4.72 x 107
(FRT)
Fertilizer L u u s .
Lignite (L) 7.53x10" 3.17 x 10" 3.13x 108 9.4x 10 4.33 x 10
(FRT)
PL+BC+L 6.74 x 10" 7.62 x 10" 2.72 x 10® 2.64 x 10° 5.03 x 10’

*Means within a column followed by different letters are significantly different (P < 0.05), * indicates significance between treat-

ment combinations (P < 0.05).
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Soil 16S rRNA absolute gene levels varied little from a high (mean = 7.62 x
10" GU-g™") to a low 5.86 x 10" in inorganic fertilizer and PL + biochar treat-
ments, respectively. Fungal 18S rRNA levels also varied little from a high value
(mean = 8.72 x 10"") to a low 3.06 x 10" GU-g' in PL and control treatments,
respectively. Similarly, soil ureC levels were also greatest in PL applied plots
(mean = 3.44 x 10® GU.g™"), which was approximately three times greater than
control levels. While not significant, these levels suggest that addition of organic
matter from PL or addition of genes from PL [77] tended to increase ureC levels.
Soil phoA levels were greatest in PL + biochar + lignite and inorganic fertilizer +
biochar treatments (mean~2.7 x 10° GU-g™"). The lowest phoA levels were found
in PL plots (mean = 6.73 x 10°). Soil cbbLR GU-g™' levels were greatest in PL
treatments (mean = 6.75 x 10’ GU-g™"), while control plots were approximately
1.5 times lower.

Normalized ureC levels (ureC/16S rRNA) were significantly different in bio-
char or lignite applied plots (p = 0.0260). While values were very similar, the ad-
dition of biochar or lignite was statistically associated with a rise in absolute
ureC levels (p = 0.0169) as well. It is possible that the recruitment of urease
genes, with addition of C via biochar or lignite, may be precipitated by utiliza-
tion of available N compounds [78]. The influence of PL on normalized ureC
levels was significant (p = 0.0492) when all PL treatments grouped and com-
pared with control treatments; however, inorganic fertilizer treatments were not
significantly different. Similarly, though not significant, there was a trend for
lower cbbLR gene levels in plots treated with either biochar or lignite. Norma-
lized soil cbbIR was significantly greater in PL treated soils compared to the
other treatments, including those in combination with PL + lignite or biochar
treatments. Soil fungal levels (18S rRNA) were significantly elevated (p = 0.0317)
in PL treated plots relative to all other treatments including inorganic fertilizer
only plots. When grouped together, treatments with PL were significantly great-
er in 185/16S rRNA ratios, which indicates that fungi may have been selected for
in PL treatments (p < 0.01). The ratio 185/16S rRNA was significantly influenced
by PL alone, when compared to all other treatments except for PL combined
with biochar and lignite. Similarly, when all treatments were considered, inor-
ganic fertilizer or inorganic fertilizer with lignite was lowest in 185/16S rRNA
ratio, indicating that there was a bias towards bacteria in those plots. This sug-
gests that bacteria were enriched with readily available nutrients, rather than
more recalcitrant organic matter which saprophytic fungi are more adapted to-
wards. Absolute soil phoA levels, and normalized phoA/16S rRNA, while not
statistically significant, trended towards increased levels in PL/biochar/lignite
combined treatments. These results indicate that the addition of PL tended to
enhance bacterial and fungal populations; albeit, total bacterial populations were
not significantly increased, this indicates selection for bacterial populations car-
rying these functional genes rather than broad spectrum increases. Poultry litter
tended to select for functional genes such as ureC, phoA, and chbbLR (norma-

lized values) which is possibly due to the addition of labile organic matter or
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gene addition via poultry litter.

Pearson correlation of soil B-N-acetyl-glucosamindase and phosphomonoesterase
suggested strong inverse correlation with NO, levels in biochar or lignite applied
plots (p < 0.05). This suggests that activity of soil S-N-acetyl-glucosamindase was
inhibited by NO, levels, and the added surface area from biochar or lignite could
have reduced NO, vertical leaching. This keeps the source of N close to the sur-
face and available [79], thus reducing the need for B-N-acetyl-glucosamindase
activity. This may also suggest that phophomonoesterase activity was also af-
fected in this same manner, suggesting that hydrolytic enzymes are regulated by
nutrient availability and need [80]. Pearson correlation also suggested a medium
correlation associated with K soil levels and f-N-acetyl-glucosaminidase activity
when all plots were grouped together which may be related to addition of bio-
char or increased soil fertility [81]. Pearson correlation suggested strong positive
correlation between total carbon and fungal 18S rRNA levels in biochar or lig-
nite applied plots (p < 0.05). This trend is not surprising given the role that fun-
gal biomass plays in C cycling and stabilization. Pearson correlation suggested a
strong correlation between 16S rRNA soil levels and bulk density, while Cu and
Zn were negatively correlated with 16S rRNA levels (p < 0.05). It is interesting to
note that plots which received PL were greater in Mehlich III Cu and Zn levels
when compared to those receiving inorganic fertilizer (mean Cu 5.87 vs. 0.74
ppm and Zn 13.51 vs. 2.02 ppm). Magalhdes et a/ [82] demonstrated that Cu le-
vels from 0 to >150 ppm caused distinct bacterial community clustering around
0 - 4, 8, and 60 - >150 ppm, respectively; however, there was a decrease in 16S
rRNA levels from 4 - 8 ppm, while 60 PPM saw a 3-fold increase, and a decrease
at >150 ppm. Additionally, others have noted a 2-fold drop at 50 ppm Cu [83].
Pearson correlation of phoA suggested that BD was strongly, inversely correlated
with phoA gene levels (p = 0.02) in PL applied fields, but not in inorganic ferti-
lizer and control plots. The strong inverse correlation with bulk density, suggests
that phoA presence and potential activity increases in a less dense soil, because
of more movement of nutrients and water through the profile. Infiltration and
available water content were also strongly positively correlated with phoA levels
(p < 0.05). This also suggests that phoA levels are tied to water movement and
availability.

4. Conclusion

Results of this experiment revealed that combination of poultry litter with bio-
char and lignite improved soil physical, chemical, and biological properties more
than poultry litter alone and inorganic fertilizer alone. Inorganic N fertilizer did
not affect soil C but increased soil N. The combination of biochar with inorganic
fertilizer resulted in greater soil N than inorganic fertilizer alone. This is due to
the integration of biochar with inorganic N which reduces N leaching loss and
keeps N in place. Combined application of biochar and lignite with poultry litter

and inorganic fertilizer showed a synergistic effect and offers a novel approach
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to sustain good soil health, improve soil fertility, promote crop productivity, and
could be used as a sustainable agronomical strategy in southeast region. More
field work is needed to evaluate the combined effects of biochar and lignite with
organic and inorganic fertilizers in the presence or absence of cover crops using

different soil types on N,0O and CO, emissions.
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