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Abstract: Interest in improving the long-term sustainability of agricultural production systems has
focused on identifying management practices that promote soil health. No tillage, cover cropping,
and amending soils with broiler (Gallus gallus domesticus L.) litter are commonly adopted conservation
practices that have been shown to improve soil fertility and crop yield. However, the overall influence
of these conservation practices on soil health in the southeastern US are not well understood. Thus, a
study was conducted to evaluate the influence of tillage, broiler litter (BL) applications, and cropping
systems on soil biochemical properties. Soils were collected from field research plots under long-term
management (>than 25 years of tillage, 15 years of broiler litter application, and 15 years of cropping
system). Soil microbial biomass, C, N, and P, amidohydrolases, and dissolved organic matter (DOM)
were evaluated as indicators of soil health. Adopting tillage and BL into the agricultural management
system modified the biochemical parameters of the soils evaluated. Most of these modifications
occurred in the 0–5 cm depth. Higher microbial biomass carbon (MBC; 85%) and nitrogen (MBN;
10%) and enzyme activities of asparaginase (65%) and glutaminase (70%) were observed in the 0–5
cm depth under no tillage (NT) compared to conventional tillage (CT), indicating greater biological
activities were established in these soil ecosystems. Broiler litter applications increased microbial
biomass N and activities of asparaginase and glutaminase in both soil depths. In addition, microbial
biomass phosphorus (MBP) was increased following BL application in the 0–5 cm depth. The results
suggest that long-term management of NT and BL additions can improve the health of eroded
southeastern US soils by altering the soil biochemical parameters.

Keywords: broiler litter; conventional tillage; dissolved organic matter; enzyme activities; microbial
biomass; no tillage; soil amino acids; soil health; wheat cover crop

1. Introduction

Sustainability of intensive crop production will depend on the implementation of
agricultural systems that promote soil health and environmental quality [1]. These agricul-
tural systems will most likely consist of employing conservation practices (systems that
conserve soil nutrients) with both inorganic and organic fertilizer inputs to ensure high
crop productivity. However, the vitality of these agricultural systems will depend on the
functions of belowground biological processes in soil [2,3]. For example, soil microbes
control the turnover of carbon, nitrogen, and phosphorus through the decomposition of
plant and animal residues and mobilization of organic carbonates, nitrates, and phosphates
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via extracellular enzymes. Thus, to understand the influence that different conservation
practices have on the overall health of sustainable production systems, there is a need to
evaluate belowground biochemical processes in soil.

Soil microbes are the living components of soil organic matter (SOM). They play
key roles in maintaining a healthy soil by regulating the rate of plant and animal residue
decomposition and nutrient availability. To help do this, soil microbes secrete extracellular
enzymes that catalyze the decomposition of organic material (plant and animal residue)
into nutrients which are accessible in soil. Once nutrients are made mobile, a portion
of these decomposed organic substrates are immobilized in microbial cells (microbial
biomass) for energy and resources, whereas the remaining portion is turned over, thereby
affecting nutrient accessibility in soil [4,5]. Hydrolases in soil are also of importance because
these enzymes are the main drivers mediating the processes involved in organic matter
decomposition, mineralization, and nutrient cycling for the microbial biomass [6]. Thus,
evaluating biochemical parameters reflective to a soil’s microbial biomass and its enzymatic
activity are often used as sensitive indicators of how changes to crop management practices
can influence the overall health of a production system [7–10].

Soil organic matter is one of the most widely accepted indicators for determining
the overall quality and health of a soil [11]. A small portion of organic matter can be
found in a soil solution’s liquid phase, called the dissolved organic matter (DOM). The
DOM portion of a SOM fraction serves as a nutrient and energy source for microbes and
their functions in the biogeochemical carbon cycle [12–14]. Understanding the interaction
between soil microorganisms and DOM, which enables nutrient availability, is fundamental
to the sustainability of a healthy soil system. Thus, DOM can be used as an indicator of
changes in soil processes.

Historically, soils in the southeastern US have been conventionally tilled and sup-
plemented with inorganic fertilizers. These agrarian practices have left the soil relatively
infertile, highly eroded, and low in OM [15]. During the last decade of the twentieth
century, conservation agricultural practices such as no tillage were widely adopted to
combat soil [16] and nutrient loss [17]. Cover crop planting was encouraged as opposed
to leaving agricultural fields fallow during winter months to protect the soil surface from
erosion [16], promote moisture retention [18], and improve SOM and nutrient retention [18].
Broiler litter additions were promoted in regions of broiler production as a low-cost al-
ternative nutrient source for crop production and to increase SOM reserves in degraded
soils [19–21]. A number of studies have shown the benefits of conservation tillage and
manure additions on soil physical and chemical properties, water conservation, crop yields,
and economics [21,22]. However, little research has examined the benefits of these conser-
vation practices on belowground biochemical properties, which can be used as an index of
soil health, from soils in the southeast.

Corn and soybean production dominates the US agricultural landscape [23–25]; how-
ever, there is limited research on the influence of these crops on soil health in the southeast-
ern US, where cotton production has been dominant until recently. In addition, increasing
demand for corn and soybean production for food and biofuel production has intensified
crop production in recent years. In order to develop new prescriptions for land practitioners
wanting to achieve sustainable crop production through improved soil health, more region-
specific information is needed on the influence that different conservation practices may
have on the soil health of intensive crop production systems. Understanding the overall
benefits that these conservation practices may have on soil health can only be achieved from
a comprehensive understanding of the long-term function of these agricultural systems.
Therefore, our objective was to investigate the soil biochemical effects of conventional
tillage (CT) vs. no tillage (NT), as well as BL applications and corn vs. soybean cropping
systems with and without winter cover. The present investigation is from a broader study
evaluating the influence of a long-term cropping system, tillage, and BL applications on
soil properties of an Alabama Ultisol [26].
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2. Materials and Methods
2.1. Site Description and Experimental Design

A description of the research site and experimental design was reported in an earlier
publication [26]. Briefly, this long-term field study was established in northwest Alabama
during the fall of 1979 at the Alabama Agricultural Experiment Station’s Sand Mountain
Research and Extension Center (34◦18′ N, 86◦01′ W), where there is an elevation of 345 m
near Crossville. The soil type is classified as a Hartsells fine sandy loam (a fine, loamy,
siliceous, sub-active, thermic Typic Hapludult [27]. These soils have a dark grayish brown
color. More specifically, this soil has an average particle size distribution of 600 g kg−1

sand, 300 g kg−1 silt, and 100 g kg−1 clay. This region has a humid subtropical climate with
an annual precipitation of 1377 mm and temperature of 15 ◦C. Broiler production is the
largest agricultural enterprise in this region with BL often being used as a low-cost nutrient
source to fertilize nearby pastures and some row crops such as corn and cotton.

This experiment followed a split–split plot treatment structure with a randomized
complete block design of two tillage treatments, four cropping systems, and two fertilization
treatments, replicated four times. The main plots were tillage treatments (CT vs. NT),
the split plots were cropping systems, and the split–split plots (5.49 m by 7.62 m) were
fertilization treatments (with and without broiler litter). The cropping systems were
continuous corn (Zea mays L.) (C), continuous soybean (Glycine max L.) (S), continuous corn
with wheat (Triticum aestivum L.), cover crop (C/W), and continuous soybean with wheat
cover crop (S/W). Both the corn and soybean plots had six rows planted at 0.76 m spacings.
Initially, the CT plots received moldboard plowing and disking, followed by rototilling
in spring. In 2003, mold board plowing was discontinued, but disking and rototilling
continued. The NT plots consisted of planting into existing crop residues. Broiler litter was
applied from 1991 to 2016. A list of treatments can be found in Table 1. The fertilization
information is provided in Table 2.

Table 1. Description of treatments used in this study.

Symbol Cropping System and Fertilization

C − L Corn with synthetic fertilizer
C + L Corn with poultry litter (BL) application

C/W − L Corn–wheat cover crop with synthetic fertilizer
C/W + L Corn–wheat cover crop with BL application

S − L Soybean with synthetic fertilizer
S + L Soybean with BL application

S/W − L Soybean–wheat cover crop with synthetic fertilizer
S/W + L Soybean–wheat cover crop with BL application

Table 2. Annual nutrients supplied by broiler litter fertilization for each cropping system during an
application year for given time periods.

Application Year Cropping System N P K Ca Mg

kg ha−1

1991–2003 Wheat cover crop of both
corn and soybean 112 6.5 96 86 6.1

2004–2010 Corn crop 150 9.8 128 144 9.3
2004–2010 Soybean crop 45 2.6 38 35 2.5

2011–2016 Wheat cover crop of both
corn and soybean 134 7.8 115 103 7.2

Soil samples were collected in January of 2016 by compositing 8 cores (25 mm in-
ner diameter) from two depths (0–5 and 5–10 cm) of each plot. Afterwards, these soils
were placed in polyethylene bags and immediately put in a cooler for transportation
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to the laboratory. Once at the laboratory, the samples were stored at 4 ◦C until needed
for analysis.

2.2. Microbial Biomass Carbon, Nitrogen, and Phosphorus

Soil microbial biomass carbon (MBC), a quantifiable soil labile carbon fraction used
to measure the biological activity in soil, was estimated using the chloroform fumigation–
incubation method as described by Franzluebbers et al. [28]. Field moist soil was fumigated
with ethanol-free chloroform for 24 h and placed in a 1 L jar containing beakers with 2 mL
of 0.5 mol L−1 NaOH and 20 mL water. After incubating the soil for 10 d, the CO2 absorbed
in NaOH was back-titrated using BaCl2 and HCl. Microbial biomass concentration was
calculated by dividing the amount of CO2–C absorbed in NaOH by a factor of 0.41 [29]
after subtracting the values from the nonfumigated control [30].

To determine microbial biomass nitrogen (MBN), which is a crucial participant in soil
N cycling [31], 10 g of fumigated incubated soil after 10 d was extracted with 50 mL of
0.5 M K2SO4 for 1 h (1:5 Wt/V ratio). The extracted organic N and NH4–N was oxidized
to NO3–N by persulfate [32]. Afterwards, the N concentration was determined using
an ammonium nitrate analyzer (Timberline instrument, model no. TL-2800: Timberline
Instrument, Boulder, CO, USA). Microbial biomass N was calculated as the difference
between NO3–N concentrations in the sample before and after fumigation–incubation and
divided by a factor of 0.41 [33].

To determine microbial biomass P (MBP), which is one of the most active forms of
phosphorus (P) in soils [34], 10 g of fumigated incubated soil after 10 d was extracted with
50 mL of 0.5 M NaHCO3 (1:5 Wt/V ratio). Microbial biomass P was calculated as the
difference in the amount of inorganic P extracted (0.5 M NaHCO3) from fumigated soils
and the amount extracted from unfumigated soils [35,36].

2.3. Amidohydrolases Determination

Various enzymes involved in N mineralization were assayed according to the proto-
cols described in the Methods of Soil Analysis, Part 2: Microbiological and Biochemical
Properties, Soil Science Society of America Book Series [37]. The amidohydrolase activ-
ity of each sample was assayed by incubating 5 g of soil, 0.2 mL toluene, and 9 mL of
0.1 mol/L THAM buffer (pH 10 for asparaginase and glutaminase; pH 9 for urease; and
pH 8.5 for amidase and aspartase), and 1 mL 0.5 mol/L substrate (i.e., L-asparagine, L-
glutamine, urea, acetamide, or L-aspartate) at 37 ◦C for 2 h. After incubation, 35 mL of KCl
(2.5 mol/L)–Ag2SO4 (100 ppm) solution was added to stop the activity. The resultant
mixture was then filtered and analyzed for ammonium release using an ammonium nitrate
analyzer (Timberline instrument, model no. TL-2800: Timberline Instrument, Inc., Boulder,
CO, USA). This amidohydrolase activity was expressed as the g NH4

+ released per g of
dry soil.

2.4. Dissolved Organic Matter (DOM) Components

Four key DOM constituents (i.e., phenols, hexoses, free amino acids, and proteins)
were analyzed using the method described by Chantigny et al. [38]. Dissolved organic
matter is considered as one of the labile fractions of natural organic matter and plays an
important role in the ecological dynamics and cycling of nutrients [14]. The extractions
were conducted by preparing a homogeneous slurry mixture using 5 g of moist soil and
10 mL of 5 mM CaCl2 solution in a 50 mL centrifuge tube. The solution was centrifuged at
12,000× g for 10 min. The supernatant was vacuum filtered through a 0.4 µm polycarbonate
filter, and then the filtrate was transferred into a glass vial and stored at 4 ◦C until analysis.
A more in-depth description of how the reagents and solutions were determined for the
determination of phenol, hexoses, free amino acids, and proteins can be found in the
Supplemental Materials.
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2.5. Statistical Analysis

The statistical language R was used for data analysis and plotting. Tukey’s honestly
significant difference (HSD) test from the R library “agricolae” was used for contrast
analyses of crop management treatments [39]. Contrast comparisons were conducted to
determine the effects of tillage treatments (CT vs. NT), cropping systems (C vs. CW, C vs.
S, C vs. SW, CW vs. S, CW vs. SW, S vs. SW), and fertilization practices (−L vs. +L) on soil
properties. The treatments within a tillage plot (C − L vs. C + L vs. C/WL vs. C/W + L vs.
S − L vs. S + L vs. S/W − L vs. S/W + L) for each soil attribute were also compared for
significance. Pairwise correlation coefficients were calculated to determine the relationships
between soil properties. The significance of these correlation coefficients was checked at
p levels of 0.1, 0.05, 0.01, and 0.001 [40]. Data in the figures are presented as the average of
field tetraplicates, and error bars represent standard deviations. Significant differences were
observed between the 0–5 and 5–10 cm depths for the biochemical parameters evaluated;
thus, data are presented by depth.

3. Results
3.1. Microbial Biomass Parameters

Soil microbial biomass carbon (MBC) varied greatly across the 0–5 cm and 5–10 cm
soil depths (Figure 1). Microbial biomass C concentrations were significantly influenced
(p ≤ 0.10) only at the 0–5 cm depth by tillage, with no tillage having 85.2% more MBC than
that of conventional tillage. The MBC was not influenced by BL additions in either the 0–5
or 5–10 cm depths. Only the CW vs. SW cropping system was significant for MBC.
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practice. The data presented are means with standard deviation (n = 4). Different capital letters in-
dicate significant (p < 0.05) differences between conventional tillage treatments, different lowercase 
letters indicate significant (p < 0.05) differences between no tillage treatments, and * indicates a sig-
nificant (p < 0.05) difference between conventional tillage and no tillage under the same cropping 
and fertilization system. See Table 1 for the treatment abbreviations. † C − L, corn with synthetic 
fertilizer; C + L, corn with broiler litter (BL) application; C/W − L corn–wheat cover crop with syn-
thetic fertilizer; C/W + L, corn–wheat cover crop with BL application; S − L, soybean with synthetic 
fertilizer; S + L, soybean with BL application; S/W − L, soybean–wheat cover crop with synthetic 
fertilizer, S/W + L, soybean–wheat cover crop with BL application. 

Soil microbial biomass nitrogen (MBN) was affected in both soil depths by some of 
the agricultural management practices evaluated (Figure 1). Tillage influenced soil MBN 
(p ≤ 0.10) in both soil depths (Table 3). Averaged across treatments, no tillage had the great-
est MBN in the 0–5 cm depth, while conventional tillage was greater in the 5–10 cm depth. 
The MBN was 10% higher in NT at the 0–5 cm and 61% higher in CT at the 5–10 cm depth. 
In both soil layers, MBN was significantly increased with BL applications (in most but not 
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Figure 1. Soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial
biomass phosphorus (MBP) levels in the 0–5 and 5–10 cm soil layers as affected by management
practice. The data presented are means with standard deviation (n = 4). Different capital letters
indicate significant (p < 0.05) differences between conventional tillage treatments, different lowercase
letters indicate significant (p < 0.05) differences between no tillage treatments, and * indicates a
significant (p < 0.05) difference between conventional tillage and no tillage under the same cropping
and fertilization system. See Table 1 for the treatment abbreviations. † C − L, corn with synthetic
fertilizer; C + L, corn with broiler litter (BL) application; C/W − L corn–wheat cover crop with
synthetic fertilizer; C/W + L, corn–wheat cover crop with BL application; S − L, soybean with
synthetic fertilizer; S + L, soybean with BL application; S/W − L, soybean–wheat cover crop with
synthetic fertilizer, S/W + L, soybean–wheat cover crop with BL application.

Soil microbial biomass nitrogen (MBN) was affected in both soil depths by some of
the agricultural management practices evaluated (Figure 1). Tillage influenced soil MBN
(p ≤ 0.10) in both soil depths (Table 3). Averaged across treatments, no tillage had the
greatest MBN in the 0–5 cm depth, while conventional tillage was greater in the 5–10 cm
depth. The MBN was 10% higher in NT at the 0–5 cm and 61% higher in CT at the 5–10 cm
depth. In both soil layers, MBN was significantly increased with BL applications (in most
but not all BL-applied soils) compared to treatments without BL (Table 3). On average,
BL increased soil MBN by 11.3% and 44.4% with CT in the 0–5 cm and 5–10 cm layers,
respectively, and by 49.2% and 81.0% with NT in the corresponding soil depths, respectively.
When evaluating the influence of tillage by fertilization, NT decreased soil MBN by 46.1%
and 32.5% in no-BL and BL-amended soils, respectively. Cropping systems, for the most
part, did not have a great effect on MBN in the lower depth except for C vs. SW, while a
number of differences were observed among cropping systems in the 0–5 cm.

Soil microbial biomass phosphorus (MBP) was most noticeably impacted by fertiliza-
tion regardless of the soil depth being evaluated (Figure 1). On average, MBP increased by
126% and 87% in the 0–5 cm and 5–10 cm depths, respectively. From evaluating fertilization
by tillage, the application of BL increased MBP from 82.13 to 221.36 mg kg−1 for CT and
from 124.61 to 246.83 mg kg−1 for NT in the 0–5 cm depth and from 79.84 to 114.4 mg kg−1

for CT and from 41.15 to 111.94 for NT at the 5–10 cm depth. Neither tillage nor cropping
system significantly influenced MBP in either soil depth (Table 3).
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Table 3. Contrast comparison p values of the main effects of tillage, cropping systems, and fertilization
practices on the microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial
biomass phosphorus (MBP), protein, amino acid, amidohydrolase activities (amidase, asparaginase,
and glutaminase), phenol, and hexose obtained from an Alabama soil.

Contrast (a) MBC MBN MBP Protein Amino Acid Amidase Asparaginase Glutaminase Phenol Hexose

0–5 cm
Conventional
till vs. no till 0.099 0.103 0.630 0.320 0.360 0.911 0.007 <0.001 0.890 0.284

C vs. CW 0.402 0.011 0.933 0.990 0.953 0.998 0.002 0.096 0.869 0.977
C vs. S 0.995 0.018 0.160 0.999 0.793 0.058 0.001 0.008 0.660 0.587

C vs. SW 0.781 <0.001 0.187 0.471 0.760 0.955 <0.001 <0.001 0.696 0.882
CW vs. S 0.539 0.996 0.396 0.983 0.977 0.080 0.997 0.616 0.979 0.818

CW vs. SW 0.086 0.014 0.446 0.316 0.966 0.985 0.009 0.018 0.987 0.987
S vs. SW 0.642 0.009 0.999 0.506 0.999 0.152 0.014 0.190 0.999 0.947
−L vs. +L 0.923 0.013 0.007 0.246 0.366 0.538 <0.001 <0.001 0.626 0.662

5–10 cm
Conventional
till vs. no till 0.230 0.004 0.722 – 0.617 0.922 0.167 0.915 0.299 0.796

C vs. CW 0.817 0.661 0.562 – 0.585 0.999 0.750 0.109 0.261 0.468
C vs. S 0.428 0.122 0.975 – 0.981 0.598 0.978 0.506 0.058 0.107

C vs. SW 0.991 0.025 0.996 – 0.891 0.379 0.215 0.022 0.091 0.767
CW vs. S 0.107 0.634 0.804 – 0.801 0.668 0.516 0.748 0.832 0.779

CW vs. SW 0.937 0.220 0.434 – 0.939 0.321 0.738 0.849 0.926 0.956
S vs. SW 0.284 0.848 0.917 – 0.987 0.042 0.108 0.298 0.996 0.482
−L vs. +L 0.190 <0.001 0.069 – 0.108 0.400 <0.001 <0.001 0.493 0.754

(a) C = corn; CW = corn with wheat cover crop; S = soybean; SW = soybean with wheat cover crop; −L = synthetic
fertilizer application.

3.2. Proteins and Amino Acids

Soil protein concentrations were not clearly affected by management practice (Figure 2).
The effects of tillage and fertilization on protein amounts were not significant (Table 3).
Protein level was also largely unaffected by cropping systems except for tillage S + L vs.
no-tillage S + L. Notably, no protein was observed in the 5–10 cm soil layer.

Figure 2. Concentrations of protein and amino acid in the 0–5 and 5–10 cm soil layers as affected by
management practice. The data presented are means with standard deviation (n = 4). Different capital
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letters indicate significant (p < 0.05) differences between conventional tillage treatments, different
lowercase letters indicate significant (p < 0.05) differences between no tillage treatments, and *
indicates a significant (p < 0.05) difference between conventional tillage and no tillage under the same
cropping and fertilization system. Concentrations of protein in the 5–10 cm soil layer were below the
detection limit for all treatments. † C − L, corn with synthetic fertilizer; C + L, corn with broiler litter
(BL) application; C/W − L corn–wheat cover crop with synthetic fertilizer; C/W + L, corn–wheat
cover crop with BL application; S − L, soybean with synthetic fertilizer; S + L, soybean with BL
application; S/W − L, soybean–wheat cover crop with synthetic fertilizer, S/W + L, soybean–wheat
cover crop with BL application.

Soil amino acid concentrations within each soil depth for tillage and fertilization were
statistically equivalent (Figure 2). Contrast analyses also revealed no significant effect by
any of the tillage, cropping system, or fertilization application treatments, indicating no
meaningful difference between these practices with respect to the effect of amino acid
(Table 3).

3.3. Amidohydrolases

Amidase activity in soil was largely unaffected by tillage and fertilization in both soil
depths evaluated (Figure 3). In the uppermost soil depth, amidase activity was influenced
by C vs. S and CW vs. S (Table 3). In the lower soil depth, it was only affected by S vs. SW
(Table 3).

Asparaginase activity in the 0–5 cm depth showed a clear trend of a response to
management treatments (Figure 3). Asparaginase activity in this soil depth was significantly
influenced by tillage. Average asparaginase activity increased from 15.7 µg g−1 in the CT
to 25.9 µg g−1 in the NT. Litter also influenced asparaginase, increasing activity from
15.5 µg g−1 in soil receiving inorganic fertilizer to 26.0 µg g−1 for soil receiving BL. When
evaluating the fertilization by tillage, concentrations increased by 29.6% and 92.9% with
BL application in CT and NT fields, respectively. Asparaginase activity was significantly
influenced by all cropping systems evaluated in the 0–5 cm depth, except for CS vs. S. Crop
systems with wheat cover tended to have higher asparaginase compared to those without
cover. In addition, crop rotations with corn responded more (had higher asparaginase
activity) to the BL additions than those with soybean. When evaluating asparaginase
activity at the 5–10 cm depth, only fertilization had an influence. No differences were
observed for tillage or the crop rotation systems evaluated. Litter addition increased
asparaginase activity from 8.3 µg g−1 for soil receiving inorganic N to 17.6 µg g−1 for soil
receiving BL. At the 5–10 cm depth, BL application increased values by 54.4% and 219.8%
in CT and NT fields, respectively.

Glutaminase activity in the upper soil depth showed a similar pattern to those ob-
served for asparaginase activity (Figure 3). Tillage significantly affected the activity in this
layer with NT having greater glutaminase activity than CT. No tillage increased values
from 163.87 and 279.94 µg g−1 to 235.85 and 459.36 µg g−1 in no-BL and BL-amended soils,
respectively. Litter addition resulted in greater glutaminase activity than that of inorganic
fertilizer, regardless of the soil depth. In the 0–5 cm depth, BL application increased the
activity by 70.8% and 94.8% in the CT field and NT field, respectively. In the subsurface
layer, BL application increased the activity by 88.8% and 185.2% in the CT field and NT field,
respectively. The soybean cropping systems tended to have higher glutaminase activity
than the corn cropping systems. Similarly, wheat addition resulted in greater glutamine
activity compared to that without. Most crop rotations in the 0–5 cm depth were significant
except for CW vs. S and the S vs. SW. No differences were observed among the crop
rotations in the 5–10 cm depth.
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with broiler litter (BL) application; C/W − L corn–wheat cover crop with synthetic fertilizer; C/W + 
L, corn–wheat cover crop with BL application; S − L, soybean with synthetic fertilizer; S + L, soybean 
with BL application; S/W − L, soybean–wheat cover crop with synthetic fertilizer, S/W + L, soybean–
wheat cover crop with BL application. 

Asparaginase activity in the 0–5 cm depth showed a clear trend of a response to man-
agement treatments (Figure 3). Asparaginase activity in this soil depth was significantly 
influenced by tillage. Average asparaginase activity increased from 15.7 µg g−1 in the CT 
to 25.9 µg g−1 in the NT. Litter also influenced asparaginase, increasing activity from 15.5 
µg g−1 in soil receiving inorganic fertilizer to 26.0 µg g−1 for soil receiving BL. When eval-
uating the fertilization by tillage, concentrations increased by 29.6% and 92.9% with BL 
application in CT and NT fields, respectively. Asparaginase activity was significantly in-
fluenced by all cropping systems evaluated in the 0–5 cm depth, except for CS vs. S. Crop 
systems with wheat cover tended to have higher asparaginase compared to those without 
cover. In addition, crop rotations with corn responded more (had higher asparaginase 
activity) to the BL additions than those with soybean. When evaluating asparaginase ac-
tivity at the 5–10 cm depth, only fertilization had an influence. No differences were ob-
served for tillage or the crop rotation systems evaluated. Litter addition increased 

† 

Figure 3. Amidase, asparaginase, and glutaminase activities in the 0–5 and 5–10 cm soil layers
as affected by management practice. The data presented are the means with standard deviation
(n = 4). Different capital letters indicate significant (p < 0.05) differences between conventional tillage
treatments, different lowercase letters indicate significant (p < 0.05) differences between no tillage
treatments, and * indicates a significant (p < 0.05) difference between conventional tillage and no
tillage under the same cropping and fertilization system. † C − L, corn with synthetic fertilizer;
C + L, corn with broiler litter (BL) application; C/W − L corn–wheat cover crop with synthetic
fertilizer; C/W + L, corn–wheat cover crop with BL application; S − L, soybean with synthetic
fertilizer; S + L, soybean with BL application; S/W − L, soybean–wheat cover crop with synthetic
fertilizer, S/W + L, soybean–wheat cover crop with BL application.

3.4. Dissolved Organic Matter (DOM) Components

Both dissolved organic matter (DOM) components phenol and hexose showed little
change from the management practices evaluated in either soil depth. Phenol levels within
both soil depths and tillage treatments were statistically equivalent to each other regardless
of the cropping system or fertilization treatment (Figure 4). Tillage treatment was also
ineffective with the exceptions of tillage vs. no tillage S/W − L in the topmost layer and
tillage vs. no tillage C/W + L in the subsurface layer. Similarly, hexose had no significant
responses to the management practices (Table 3).
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Figure 4. Concentrations of phenol and hexose in the 0–5 and 5–10 cm soil layers as affected by
management practice. The data are presented are means with standard deviation (n = 4). Different
capital letters indicate significant (p < 0.05) differences between conventional tillage treatments,
different lowercase letters indicate significant (p < 0.05) differences between no tillage treatments,
and * indicates a significant (p < 0.05) difference between conventional tillage and no tillage un-
der the same cropping and fertilization system. † C − L, corn with synthetic fertilizer; C + L,
corn with broiler litter (BL) application; C/W − L corn–wheat cover crop with synthetic fertilizer;
C/W + L, corn–wheat cover crop with BL application; S − L, soybean with synthetic fertilizer; S + L,
soybean with BL application; S/W − L, soybean–wheat cover crop with synthetic fertilizer, S/W + L,
soybean–wheat cover crop with BL application.

3.5. Correlations between the Soil Attributes Tested

The relationships between soil attributes were analyzed by calculating correlation
coefficients between the 10 sets of soil biochemical property data in the topmost and sub-
surface soils (Table 4). No significant correlations were found between MBC and any other
soil property. The DOM components, phenol and hexose, had no statistically significant
correlations with each other or any other parameters. Protein was not correlated to any
property either, but amino acid showed a significant positive correlation with amidase
in the uppermost soil depth and significant negative correlations with asparaginase and
glutaminase in the lower soil depth. Microbial biomass N, asparaginase, and glutaminase
had significant positive correlations with each other in both soil depths, suggesting a strong
interaction between these attributes. Microbial biomass P showed strong positive correla-
tions with microbial biomass N and glutaminase in the 0–5 cm depth and with asparaginase
and glutaminase in the 5–10 cm depth.
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Table 4. Correlation coefficients between the 10 soil properties of the surface (0–5 cm) and subsurface
(5–10 cm) layers of an Alabama soil calculated per the data of 16 treatments with different cropping
systems, tillage, and fertilization.

Soil Property MBC a MBN MBP Protein Amino Acid Amidase Asparaginase Glutaminase Phenol

0–5 cm layer
MBN −0.130
MBP −0.038 0.688 **

Protein −0.113 0.223 0.445 #
Amino acid 0.209 −0.037 −0.114 0.302 L

Amidase 0.031 0.128 −0.092 −0.306 0.562 *
Asparaginase 0.154 0.592 * 0.468 # 0.221 0.296 0.318
Glutaminase 0.101 0.775 *** 0.766 *** 0.422 0.134 0.078 0.901 ***

Phenol 0.235 −0.207 −0.009 0.449 # 0.261 −0.263 −0.129 −0.028
Hexose 0.180 −0.372 −0.035 −0.154 0.299 0.335 −0.145 −0.251 0.279

5–10 cm layer
MBN 0.260
MBP 0.068 0.480 #

Protein 0.000 0.000 0.000
Amino acid −0.178 −0.451 # −0.444 # 0.000

Amidase −0.394 0.142 −0.116 0.000 −0.004
Asparaginase −0.080 0.677 ** 0.604 * 0.000 −0.516 * 0.372
Glutaminase −0.111 0.662 ** 0.597 * 0.000 −0.518 * 0.279 0.936 ***

Phenol −0.308 −0.309 0.083 0.000 0.416 0.175 0.170 0.123
Hexose −0.139 −0.174 0.023 0.000 0.047 0.057 0.172 0.075 0.396

#, *, **, and *** indicate significance at p = 0.1, 0.05, 0.01, and 0.001, respectively. a MBC = microbial biomass
carbon; MBN = microbial biomass nitrogen; MBP = microbial biomass phosphorus.

4. Discussion

The influence of inorganic fertilizer and tillage on soil fertility and nutrient cycling have
been extensively studied with a wide range of crops across the US and worldwide [41–45].
However, the long-term influence of BL vs. inorganic fertilizer on microbial biomass and
soil enzyme activities have been rarely studied [46]. This study attempted to evaluate the
influence of common conservation management strategies being employed in progressive
agricultural systems under climatic conditions within the southeastern US to determine their
lasting effect on soil health. Previous work has suggested that sustainable practices such as
conservation tillage, cropping systems (with and without cover crops), and manure additions
have the potential to improve the soil health of cultivated agricultural systems [47,48].
Documenting the influence of these sustainable management practices from various climatic
regions is necessary for drawing conclusions about how to improve the soil health of an
agricultural system. To effectively evaluate the sustainability or health of a management
system, it is useful to have a comparative assessment [49] among the long-term agricultural
system practices being employed.

4.1. Microbial Biomass

Wide-spread adoption of conservation tillage practices started during the last
two decades of the 19th century to improve the sustainability of agricultural produc-
tion systems and reduce input costs. These changes in agricultural management have led to
SOM increases under reduced tillage practices, which have generally contributed to higher
soil microbial biomass [50–56]. Similar to findings from previous studies, we observed
increases in MBC and MBN in southeastern US soils with the implementation of no tillage.
However, no differences were observed for MBP with tillage. Differences for MBC were
only observed in the 0–5 cm depth, while the impact on MBN was significant at both the
0–5 and 5–10 cm depths even though, at the 5–10 cm depth, microbial biomass N was
higher under CT than NT. This phenomenon was most likely a result of the crop residue
being mixed under CT vs. the residue being left on the soil surface of NT.

The tillage-induced improvements in microbial biomass can be attributed to conserva-
tion tillage retaining more crop residue, which is a substrate used for sustaining microbial
biomass. Also, a lack of soil disturbance under NT likely provided a steadier source of
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OM for supporting the microbial community as opposed to CT, which led to a flush of
microbial activity after tillage that resulted in large C loss as CO2, bringing about a decrease
in biomass. In addition, agricultural production systems promoting minimal disturbance
improve soil structure, thereby favoring the formation and stabilization of macroaggregates
that improve and protect microbiota [57–60]. The depth effect we observed between tillage
in our study can also be attributed to management practices. For example, conservation
practices such as no tillage create a more stratified soil environment for microbes and
nutrients, resulting in increases to microbial biomass and enzymatic activity at the surface
soil depth. Conventional tillage causes soil disruption to the upper layers, creating a
more homogeneous soil zone of nutrients in the plow zone relative to that of conservation
practices [61].

Broiler litter is often used as a fertility source for forage and row crops in the south-
eastern US. The application of BL supplies the soil with appreciable amounts of OM, N,
P, K, and other macro- and micronutrients. Generally speaking, BL has the highest nu-
tritive value among manure sources [62]. Previous work has reported improvements in
soil biochemical parameters with the application of municipal solid waste [63] and cattle
manures [64–67] observed increases in MBN from pasture soils with manure application
relative to its untreated and inorganic fertilizer-treated counterparts. Forge et al. [68] stated
that manure applications increased microbial turnover and nutrient cycling in the same
soils as those studied by Bittman et al. [67]. In our study, we observed increases in MBN
and MBP, suggesting that BL additions can potentially improve N and P availability. These
BLs induced improvements in microbial biomass can be attributed to the additions of
more OM and other nutrients, which stimulate microbial growth in soil. In addition, BL
application can also stimulate rhizosphere processes which increases soil enzyme activities.
For example, Waldrip et al. [66] reported that poultry manure application increased acid
phosphomonoesterase, alkaline phosphomonoesterase, and phosphodiesterase activity
in rhizosphere soil compared to an unamended rhizosphere soil in a greenhouse trial
with ryegrass.

4.2. Amidohydrolases

Soil enzymes are largely a function of microbial biomass and activity [37]; thus, man-
agement practices that enhance microbial numbers in soil are likely to enhance measurable
enzyme values [69]. In this study, not all of the enzymes evaluated responded to changes in
tillage, BL addition, or crop rotation. Enzymes L-glutaminase, L-asparaginase, and amidase
have been reported to perform vital roles in the cycling of soil C and N [70]. Improvements
in L-glutaminase and L-asparaginase were observed in this study, while no differences
were noticed for amidase. This response was primarily observed in the top 0–5 cm soil layer.
L-glutaminase and L-asparaginase are important N cycling enzymes and most of the NH4
released for crop uptake is derived from the hydrolysis of amide (asparagine, aspartate,
and glutamine) residues in the SOM [71]. Previous studies have shown that enzymes
L-asparaginase, L-glutaminase, and amidase are significantly greater under no tillage than
under conventional systems [72,73]. Amidase activity was not affected by tillage in this
study perhaps because this enzyme has a wide range of substrate specificities [74].

Increasing concentrations of these N cycling enzymes also occurred, resulting from BL
additions in the current study. These results demonstrate that BL promotes catalytic activ-
ity in soils because of improved enzyme activity and content. In addition, these increases
indicated that BL additions improved the nutrient status of inherent N compounds in soil
compared to soil receiving inorganic N fertilizer. It is also important to note that previous
researchers have reported that increases in N cycling enzymes corresponds to the growth of
microbial biomass because exocellular enzymes are produced by soil microorganisms [75,76].
Kanazawa and Kiyota [77] reported increases in L-glutaminase and L-asparaginase activi-
ties in soils with farmyard manure when compared to chemical fertilizer or a no fertilizer
control. Other researchers have also observed similar findings with animal manure [78,79].
Similar to our findings, Acosta-Martinez and Harmel [80] reported that the addition of
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poultry litter to a Houston Blackland Prairie Clay under pasture management in Texas
increased N cycling enzymes when compared to that of the control. However, our study
showed that BL additions can increase N cycling enzymes when compared to inorganic
fertilizer application.

4.3. Dissolved Organic Matter (DOM)

Organic N sources in soil are found in the form of amino compounds (including
protein and amino acids), which arise from crop residue return to soil or the necromass of
soil macro- or microorganisms [81,82] and manure input [83,84]. Soil proteins are broken
down into amino acids through biochemical reactions (enzyme reactions as analyzed
above). The amino acids are subsequently consumed by soil microbes as a source of N, C,
and energy. This enables the release of N into soil [85]. Thus, amino compounds are of
particular importance to N cycling in soils because they may account for as much as 35–80%
of the total soil N [86,87]. Cropping systems and their management practices are thought
to influence the amino acid composition of the OM due to differences in rooting systems
and crop residue retention and additions [88]. While some research has shown that soil
receiving long-term animal manure applications has higher amino compounds compared
to those receiving only inorganic fertilizer [89,90], other research seems to not support these
observations [83]. More than that, this study also observed minimal differences among
tillage and BL additions on soil proteins and amino acids (i.e., −L vs. +L in Table 3). This
observation supports the fact that the impact of BL application is more complex than simple
build-up of BL amino acids in soils [91]. Similarly, in a 16-week pot study with ryegrass,
soil amino acid concentration was increased by poultry manure at a high application rate,
but decreased at a low application rate [84]. Thus, both fertilizer types and application
strategies and application rates can be the factors influencing the observations of soil amino
acid change patterns due to organic amendments [92,93].

In our previous work from a companion study on these same soils [26], we reported
increases in total C and N, macro-, and micronutrients for no-till vs. conventional till and
BL vs. inorganic fertilizer applications. The crop residue retained in these soils under no-till
and from BL additions most likely provided an energy source for microbes, thus enhancing
the microbial biomass. Generally, microbial biomass depends on the quantity and quality
of the labile organic matter in soil. In the current study, we found differences in the MBC,
MBN, and MBP and some enzyme activity. Therefore, the quantity and quality of OM
retained in soil under no-till vs. conventional tillage and BL additions vs. inorganic N was
of great enough importance in influencing the microbial communities [94]. However, we
did not see any differences in DOM components. The minimal DOM differences observed in
this study could be attributed to the fact that soil samples were collected during the winter
month when additional DOM fractions may have been present from the decomposing plant
residue left in the field after harvest.

4.4. Correlations between the Soil Attributes Tested

The general effect trend for improvements in biochemical parameters was BL appli-
cation > no tillage > cropping type and crop cover practice. No correlations existed for
microbial biomass C, protein, phenol, and hexose with any other soil property at either
soil layer. Strong correlations existed among the microbial biomass N, asparaginase, and
glutaminase at both soil layers, indicating strong interactions among these properties.
Microbial biomass P also had a significant correlation with glutaminase at both soil layers,
suggesting a strong interaction. The different observations may have reflected the fact that
microbial biomass C, N, and P were all main but independent components, associated with
their respective enzyme activities [40,95]. In addition, not all soil enzymes are exclusively
derived from microorganisms. Enzymes that originated from animal and plant cells could
have made these types of enzymatic activity weakly or non-significantly correlated to the
microbial biomass parameters [70].
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4.5. Overall Summary

Several studies have demonstrated the benefits of implementing conservation tillage,
cropping systems (with and without cover crops), and manure additions to improve the
soil health of cultivated agricultural systems [96,97]. As stated previously, the benefits
of implementing these agricultural systems have been evaluated in the Midwestern US
related to high clay and organic C content soils. Overall, the biochemical parameters
evaluated in this study showed supporting evidence of the benefits of adopting these
agricultural practices to sandy soils from the humid southeastern US. The greatest benefits
were observed from the adoption of no tillage and BL additions with minimal differences
being observed for cropping type and crop cover practice.

5. Conclusions

Our results show that the biochemical parameters evaluated in this study were altered
as a result of long-term tillage and BL applications. The alterations primarily occurred in the
0–5 cm depth. Higher MB (C and N) and enzyme activity exhibited in NT compared to CT
indicates greater biological activity was established in no-till soils. Higher microbial activity is
desirable given that they are responsible for decomposing plant residues and recycling nutrients.
As a result, these soils will tend to have higher residual nutrient concentrations. Broiler litter
application also greatly increased microbial biomass N and P, asparaginase, and glutaminase in
both soil layers. Among the cropping systems, soybean, especially with wheat cover, contributed
more to the increased microbial biomass N, asparaginase, and glutaminase in the surface soil
than corn. This was less pronounced in the 5–10 cm depth, but soybean with wheat cover still
resulted in higher microbial biomass N and glutaminase than corn. Minimal differences were
observed for proteins, amino acids, and DOM among management practices. Contrast analyses
conducted on the biochemical parameters evaluated showed that the general effect trend was
BL application > no tillage > cropping type and crop cover practice. These findings suggest
that conservation practices such as no tillage and BL applications implemented in the south-
eastern US can favorably alter soil biochemical properties, thereby improving soil health.
This is promising evidence for the adaption of conservation practices into agricultural
systems which include no tillage and organic amendments. Future research should also
evaluate the long-term influence of these practices with different crops on other highly
eroded soils across the southeastern U.S.

5.1. Determination of Phenol

Reagents and solutions were prepared according to the following. A saturated Na2CO3
solution was prepared by dissolving 216 g in a liter of deionized (DI) water. Standard stock
solution was prepared by dissolving 100 mg of 2-hydrobenzoic acid in 1 L of DI water.
Working standards of 2.5, 5, 10, 20, 30, and 40 mg L−1 of diluted 2-hydrobenzoic acid were
prepared from stock solution. A 0.7 mL aliquot of the water-extractable DOM was mixed
with 50 µL of Folin–Ciocalteu’s reagent in a 1.5 mL Eppendorf tube and allowed to sit
for 3 min at room temperature. A 100 µL of saturated Na2CO3 solution and 150 µL of
DI water were added to the solution and thoroughly mixed. If a precipitate formed, the
solution was centrifuged for 2–3 min at 2000× g and the absorbance was read immediately.
Absorbance was determined at 725 nm against a blank. Samples developed a blue color
when phenols were present. The blank was colorless. Calibration curves were prepared
and phenol concentration calculated in a mg L−1 2-hydroxybenzoic acid equivalent. The
standard solution was prepared using the same procedure as described for the sample
solution. A blank was also prepared following the same procedure as the sample, but
deionized water was used in place of the extracted DOM.

5.2. Determination of Hexoses

Reagents and solutions used were prepared according to the following. Anthrone–
sulfuric acid reagent was prepared by dissolving 0.2 g of anthrone (analytical grade) in
100 mL of concentrated sulfuric acid. Afterwards, the solution was left to sit for 1 h at room
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temperature before use. This solution was prepared fresh daily. The standard stock solution
was prepared by dissolving 100 mg of glucose in 1 L of DI water. Working standards of 2.5,
5, 10, 20, 30, and 50 mg L−1 of diluted glucose were prepared from the stock solution. A 1
mL extracted DOM sample solution was mixed with 2 mL of anthrone–sulfuric acid reagent.
The solution was vortexed and left to sit for 15 min at room temperature. Then, the standard
or anthrone-treated sample was transferred to a glass cuvette and its absorbance read at
625 nm against the blank. A calibration curve was prepared and phenol concentration
calculated in a mg L−1 glucose equivalent. The standard solution was prepared using the
same procedure as that described for the sample solution. A blank of the same volume as
the sample was used.

5.3. Determination of Free Amino Acids

Reagents and solutions were prepared according to the following. Acetate buffer
(pH 5.5) was prepared by dissolving 54 g of Na acetate trihydrate in 40 mL of DI water and
then adding 10 mL of glacial acetic acid. Afterwards, the solution pH was adjusted to 5.5
with NaOH. Ninhydrin reagent was prepared by dissolving 2 g of ninhydrin and 0.3 g of
hydrindantin in 75 mL of 2-hydroxy ethanol. The solution was purged with N2 for 30 min,
after which 25 mL of acetate buffer (pH 5.5) was added. This solution was prepared fresh
daily with limited air exposure. The dilutant was prepared by mixing equal amounts of
95% ethanol with DI water. Standard stock solution was prepared by mixing 1000 µmol
leucine solution in 1 L of DI water. Working standards of 20, 40, 60, 80, and 100 µmol L−1 of
diluted 2-hydrobenzoic acid were prepared by diluting the stock solution. Two milliliters
of DOM sample solution was mixed with 1.25 mL of the ninhydrin reagent in 10 mL glass
tubes. The tubes were capped with Teflon-lined screw caps and kept in a 95 ◦C water bath
for 25 min. The tubes were cooled to room temperature in another water bath, and then,
4.5 mL of dilutant was mixed with the cooled solution. The standard or treated sample
was transferred to a glass cuvette and its absorbance read at 570 nm against a blank. A
calibration curve was prepared and amino acid concentration was calculated in a µmol L−1

leucine equivalent. The standard solution was prepared with the same procedure described
for the sample solution. Deionized water of the same volume as the sample was used as
a blank.

5.4. Protein Determination

Three reagents and solutions used in the analysis were prepared according to the
following. Standard stock solution was prepared daily by dissolving 100 mg of bovine
serum albumin (BSA) in 1 L of DI water. Working standards of 2.5, 5, 10, 15, 20, and
25 mg L−1 of diluted BSA were prepared by diluting the stock solution. Bradford pro-
tein reagent was purchased and stored under refrigeration until use. Subsequently, pro-
tein was quantified according to the following. Bradford protein reagent in the amount
0.5 mL was added into a spectrophotometer cuvette and mixed with 0.5 mL of DOM sample
solution, standard solution, or blank solution. The mixture was left to sit for 5 min at room
temperature and then absorbance was read at 620 nm against the blank. A calibration curve
was prepared and protein concentration was calculated in a mg L−1 BSA equivalent.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/soilsystems8020041/s1, Text S1. Determination of Phenol. Text S2. Determi-
nation of hexoses. Text S3. Determi-nation of Free Amino Acids. Text S4. Protein Determination.
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