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Abstract: Soils represent the largest terrestrial sink of carbon (C) on Earth, yet the quantification
of the amount of soil organic carbon (SOC) is challenging due to the spatial variability inherent in
agricultural soils. Our objective was to use a grid sampling approach to assess the magnitude of SOC
variability and determine the current SOC stocks in three typical agricultural fields in Maryland,
United States. A selected area in each field (4000 m?) was divided into eight grids (20 m X 25 m)
for soil sample collection at three fixed depth intervals (020 cm, 20-40 cm, and 40-60 cm). Soil
pH in all fields was significantly (p < 0.05) greater in the surface soil layer (6.2-6.4) than lower soil
layers (4.7-5.9). The mean SOC stocks in the surface layers (0-20 cm: 1.7-2.5 kg/mz) were 47%
to 53% of the total SOC stocks at 0-60 cm depth, and were significantly greater than sub-surface
layers (20-40 cm: 0.9-1.3 kg/m?; 40-60 cm: 0.8-0.9 kg/m?). Carbon to nitrogen (C/N) ratio and stable
C isotopic composition (5'°C) were used to understand the characteristics of SOC in three fields.
The C/N ratio was positively corelated (r > 0.96) with SOC stocks, which were lower in sub-surface
than surface layers. Differences in C/N ratios and §'3C signatures were observed among the three
fields. The calculated values of SOC stocks at 0-60 cm depth ranged from 37 to 47 Mg/ha and were
not significantly different in three fields likely due to the similar parent material, soil types, climate,
and a short history of changes in management practices. A small variability (~10% coefficient of
variation) in SOC stocks across eight sampling grids in each field suggests that re-sampling these
grids in the future can lead to accurately determining and tracking changes in SOC stocks.
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1. Introduction

Soils are the largest sink of carbon (C) on Earth and store ~1500 petagrams (1 Pg = 10" g) of
C up to 1 m depth, which is two times higher than the atmosphere (750-950 Pg C) and three times
higher than total vegetation (600 Pg C) [1-3]. A part of the stored C in soils is lost to the atmosphere
as carbon dioxide (CO;) and methane, which contributes to greenhouse gas emissions. Agricultural
activities such as enteric fermentation in animals, manure management, urea fertilization, and liming
accounted for 619 million metric tons of CO, equivalents or ~10% of total greenhouse gas emissions in
the United States in 2018 [4], whereas enteric fermentation and manure management contributed 28%
and 10% of total methane emissions from anthropogenic activities, respectively. Other agricultural soil
management activities, such as fertilizer application, deposition of livestock manure, and growing
N-fixing plants contribute more than 75% of nitrous oxide (N;O) emissions. On the other hand,
there are positive aspects of agriculture. For example, it was estimated that global croplands could
sequester 0.90 to 1.85 Pg C/yr; this corresponds to 26% to 53% of the soil C sequestration target of
the “4 per 1000” initiative established for climate mitigation [5]. Thus, enhancing soil organic C
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(SOC) sequestration using agricultural management practices can potentially mitigate a part of the
greenhouse gas emissions.

Multiple factors, such as land use, soil type, and climate, influence SOC [6,7]. Conversion of native
land to agricultural land often results in a decline in SOC due to an increase in erosion, decomposition,
and leaching [8,9]. Sanderman et al. [10] used data collected over a 50-year period and estimated that
globally 133 Pg of C was lost from the upper 2 m of soil due to agricultural land use. It is widely
known that the amount of SOC is greater in surface than sub-surface layers and in fine-textured than
medium- and coarse-textured soils [11]. Further, the amount of SOC generally increases with an
increase in annual precipitation due to the availability of more water for plant growth and a decrease
in temperature due to a reduction in the decomposition of organic matter [6].

Soil quality is linked to the physical, chemical, and biological properties of soil, and is affected by
management practices. Recent reviews and meta-analyses have provided insights on how agricultural
management practices, such as tillage, crop rotations, cover crops within rotations, and fertilization
management, alter the amount of SOC [12-14]. For example, a meta-analysis by Poeplau and Don [13]
concluded that the use of cover crops led to a significant increase in SOC. Accumulation of SOC is
associated with physical protection and chemical interactions with clay minerals [15]. Many field
studies have shown that no-tillage generally increases soil organic matter (which contains ~58% of SOC)
and aggregate stability in the upper soil layer compared with conventional tillage [16,17]. Luo et al. [18]
synthesized the data from 69 global studies and reported that no-tillage enhanced SOC stocks in the
top 10 cm of soil, but decreased SOC in the 20 to 40 cm layer, and did not increase SOC below 40 cm.
Other meta-analysis indicated that SOC stocks can vary at soil depths between no-tillage and tillage
systems [19,20]. Angers and Eriksen-Hamel [19] pointed out that greater SOC content may occur at the
bottom of the plow layer under full-inversion tillage. In terms of fertilization, manure application is
the most effective way to increase SOC sequestration in agricultural fields [21]. Studies have suggested
that it could take several years (more than five years) to change the overall soil functional capacity and
determine a significant change in SOC after the alteration of management practices [22].

The carbon to nitrogen (C/N) ratio influences microbial activity in soils and has been used to
estimate the quality of soil organic matter and the subsequent decomposition [23]. In general, the C/N
ratio of soil has a negative relationship with the decomposition of soil organic matter [24]. Stable C
isotopic composition (§!3C) in SOC has been widely used to investigate the sources of organic C and
relative contribution of C3 and C4 plants to SOC [25]. Thus, the use of isotopic techniques may allow
us to determine SOC dynamics in agricultural soils under different management practices.

Variability in the methods used to assess the changes in SOC stocks present a challenge to accurately
determine the magnitude and direction of SOC stock change in agricultural soils. Understanding the
current amount and spatial distribution of SOC can help to quantify and track C, which can help to
sequester more C in soils to mitigate climate change concerns. Knowledge of a precise amount of
SOC can then be used by policymakers to incentivize the adoption of practices that will maximize
SOC stocks. At the state level in Maryland, United States, the legislation passed a bill in 2017 to
promote soil health programs and practices [26]. This policy defined a need to develop local capacity to
measure SOC and other soil health metrics for the successful implementation of soil health programs.
Ellert et al. [27] and Conant et al. [28] suggested a “benchmark site” approach that can be optimized to
quantify SOC stocks change over time.

Our objective in this study was to use a grid sampling approach to assess the magnitude of
SOC variability and determine the current (baseline) SOC stocks in three typical agricultural fields in
Maryland. The results from this study may provide information on ways to quantify and track SOC and
how different management practices can be implemented and optimized to enhance C sequestration
and increase SOC stocks in soils.
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2. Materials and Methods

2.1. Study Sites

The study site consisted of three adjacent fields (hereafter referred to as field A, B, or C) covering
a total of 8.34 ha in Prince George’s County, Maryland, United States (Figure 1). The physical
characteristics and cropping history of the fields are summarized in Table 1. In brief, fields A (no-tillage)
and B (tillage) followed the same cropping history of corn in 2015, wheat and double-cropped soybean
(planted after winter wheat harvest) in 2017, whereas field C was under no-tillage and had soybean in
2015, corn in 2016, and wheat and double-cropped soybean in 2017. The field site soils are aquatic
hapludults and typic endoaqualts belonging to Adelphi-Holmdel complex and Shrewsbury loam [29].
The soil profile in the three fields consists of the following horizons: A: 0-15 cm: sandy loam, E:
15-48 cm: loamy fine sand, BE: 48-56 cm: fine sandy loam, Bt: 56-119 cm: loam, and BC1: 119-180 cm:
fine sandy loam. The elevation at the study site ranges from 34 m to 44 m (Figure S1). The climate in
the area is temperate, with a 2018 average annual air temperature of 26 °C and an annual rainfall of
1090 mm [30].
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Figure 1. Location maps of (A) field sites in Prince George’s County, Maryland, United States,
(B) sampling sites with marked grids, and (C) spatial distribution of soil electrical conductivity (EC) in
three fields (ac: acre). Total area of three adjacent fields is 8.34 ha.
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Table 1. Current and proposed management practices and soil physical characteristics of three field sites.

Bulk Density Previous Cropping Future Cropping History Future Cropping

Site Area Soil Type (g/cm®) History (for 5 Years) Practices

Combination of, AdA
Adelphia-Holmdel
Complex, Moderately
well drained, Slope:
0-2%, Class 11,

Continuous No-Till

0-20 cm: 1.56 Soybean-multispecies

2015. Corn; 2017 New soil health

Field A 43ha Non—}HydriC C‘nB igfég 22 }g Wheat, DC Soybean Crop-CorE-(;/‘\//T‘lreat-Cover practices
Collington-Wist Crop-Sorghum-Rye-Soybean
Complex, Well Op->0rg ye-s0ybe
Drained, Slope 0-2%,
Class I, Non-Hydric
AdA
Adelphia-Holmdel 2015 NT Soybean; . .
Fi Compix, Moderately 0-20 em: '1‘56 2016 NT Cor};; 2017 Continuous Clean-Till Typical of prior
ield B 2.8 ha " K 2040 cm: 1.6 . modern farming
well drained, Slope: 40-60 em: 1.7 Conventional Wheat, ~ Soybean. No Cover Crop. practices
0-2%, Class II, T NT DC Soybean :
Non-Hydric
Combination of SrA
Shrewsberry Loam,
Poorly drained, Slope 020 cm: 1.42
Field C 1.25 ha 0-2%, Class IV, Hydric 20-40 cn"r 1 6 2015. Corn; 2017 Continuous No-Till Typical of today’s
: AfB Annapolis Fine 40-60 cm; 1: 6 Wheat, DC Soybean Soybean. No Cover Crop. farming techniques

Sandy Loam, Slope
2-5%, Well drained,
Class II, Non-Hydric

2.2. Soil Sampling

The three fields were mapped using Veris U-Series equipped with an electrical conductivity (EC)
sensor (https://www.veristech.com/the-soil/soil-ec), as shown in Figure 1. The Veris EC sensor unit
physically scanned over the surface soil layer of the fields in uniform grids to measure variation in EC,
which is based on soil properties as smaller clay soil particles conduct more current than larger silt and
sand particles. This means that soils with a high clay content have more EC than soils that contain
more sand and silt. Following the identification of areas in the fields with a similar EC range, a part of
the field (4000 m?) was selected for soil sampling (Figure 1). The sampling area in each field covers at
least two EC ranges to have an area representative of the field and to minimize variability in selected
fields. The selected area (500 m?) was then divided into 8 grids of 20 m X 25 m for each field. In each
grid, nine sampling locations were identified for soil sample collection. Soil samples were collected
from three depths (0—20 cm, 20—40 cm, and 40—60 cm) in December 2018. A composite soil sample for
each depth and grid was taken, which resulted in the collection of 24 soil samples for each field.

2.3. Soil Analysis and Soil Organic Carbon Stocks Calculation

All collected soil samples were dried, ground, and sieved through a 2 mm sieve. Soil pH was
determined using a 1:2 soil to water weight ratio [31]. Total organic C, total N, 1*C, and >N in soils was
determined using high-temperature combustion using a Eurovector® Elemental Analyzer coupled
with an Elementar Isoprime® Isotope Ratio Mass Spectrometer (EA-IRMS; Elementar Ltd, Cheadle,
UK). A detailed description of the analysis can be found in Hantsoo et al. [32]. In brief, homogenized
soils were weighted (5 mg for >C; 30 mg for 1°N) and folded into tin capsules, which were dropped
sequentially into a quartz combustion column packed with cobaltous/cobaltic oxides and heated to
1040 °C. For quality assurance and quality control, two urea standards (CH4N,O; 20% C abundance
with 813C = —29.39%o) were run between every 10 soil samples. The §'C values are measured in
standard permil notation according to the following formula:

613C = [(Rsumple - Rstundard)/Rstandurd] x 1000

where R = 13C/12C, the standard for organic C isotopes is Vienna Pee Dee Belemnite, and measurements
are reported as %o deviations (£0.1%o). Similarly, 51°N values were determined by the same formula
for C, where R = 15N/14N, and the accepted standard is atmospheric N.
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Soil bulk density was measured at two locations in each field at three depths. The limited data
of soil bulk density collected from three fields (1.3-1.7 g/cm?) falls within the range (1.4-1.7 g/cm?)
of the National Resources Conservation Service Soil Survey Geographic Database (NRCS SSURGO).
Accurate bulk density values are critical to determining the change in SOC stocks. As we have limited
values for field bulk density and these values are similar to the SSURGO database, the bulk density
values in three fields at three depths from the SSURGO database were used to calculate total organic C
(hereafter referred to as SOC) stocks based on the fixed depth intervals for each field site, as shown in
the following equations [33].

50C(X8) — Organic C content (<8 | x Bulk density [ 28 | x Soil layer (m) )
m2 = rganlc conten Mg u ensi y m3 01 ayer m
Mg\ Kg m? Mg
SOC(E) - soc(mz) x 10000 (ha ) x 0.001( K ?)

The SOC stocks were calculated by adding SOC stocks for each of the three depths for each field
as follows.

.+ (Mg ,
Total SOC stock for each field (E) = Zdepth SOC stock for each field 3)

We also calculated SOC stocks at equivalent soil mass, according to Ellert and Bettany [34].
The equations are as follows:

Soil M) _ Buik density( ™8 | x Soil Tayer (m) x 10000 [ - 4
oil mass { +—= = Bu ensity| e X Soil layer (m) X e 4)

The additional soil thickness for each field was calculated using the following equation:

Additional soil thickness (m)
= Soil mass of heaviest layer (%g)
—Soil mass of fixed depth layer (l\f—ag) X 0.0001(%)
+Bulk density(%)

©)

For this study, soil mass of the heaviest layer refers to the lowest soil depth (40-60 cm), whereas the
soil mass of the fixed depth layer refers to the upper layers (0-20 cm or 20-40 cm). After determining
the additional soil thickness (Equation (5)), the SOC value (Mg/ha) for the additional soil thickness was
calculated using Equations (1) and (2). This calculated value was then added to the SOC stock value
(Equation (3)) determined for fixed depth intervals to compute SOC stocks at equivalent soil mass.

2.4. Statistical Analysis

All statistical analysis was performed with the JMP statistical software package (JMP Pro 13, SAS
Institute). Soil pH, SOC stocks at fixed depth and equivalent soil mass, N, §!3C, and §!°N were compared
as a function of depth and fields using the one-way Analysis of Variance (ANOVA) Tukey-Kramer
HSD test. Differences with p < 0.05 were considered statistically significant. The coefficient of variation
(CV) of SOC variability among sampling grids was calculated using distribution function in JMP.

3. Results and Discussion

3.1. Soil pH across Depths and Fields

In three fields, significantly (p < 0.05) higher soil pH values were observed in the surface 0—20 cm
layer (mean: 6.2 + 0.11 to 6.4 + 0.22) as compared to the 20—40 cm (mean: 5.0 + 0.30 to 5.9 + 0.31),
and 40-60 cm (mean: 4.7 = 0.23 to 5.2 + 0.15) layers (Figure 2A). The soil pH decreased from the
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surface (0—20 cm) to sub-surface layers in all fields. The pH values in these fields are typical of the
pH range (5.5-6.5) commonly found in agricultural soils in the mid-Atlantic region, which includes
Maryland [35,36]. No significant differences (p > 0.05) were observed in soil pH in the surface layer
among the three fields. In contrast, soil pH in the sub-surface layers was significantly different (p < 0.05)
among the three fields. Many agricultural soils become acidic over time due to the leaching of base
cations caused by rainfall, the use of nitrogen fertilizers, and the production of organic acids in the
rhizosphere [35]. Thus, lime application is commonly recommended and used in the area for soil
fertility management. Greater soil pH in the surface soil layer was due to lime application in the fields
to raise soil pH. Other studies have shown lime application helps to maintain soil pH at optimum
levels (e.g., de Queiroz et al. [37]). Overall, our results of pH decrease with soil depth are similar to
previous research by Viscarra Rossel et al. [38] and Hall and Lemon [39].

(A) Field A Field B Field C
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Figure 2. Median, mean (point), 25th and 75th percentile of (A) soil pH and (B) soil organic carbon
(SOC) stocks (fixed depth) at three depths for each field (n = 8 grids for each depth). The different
letters indicate significant differences among three depths (p < 0.05) in each field.

3.2. Depthwise Distribution of Soil Organic Carbon

A significant (p < 0.05) reduction in SOC stocks with depth was observed in all fields (Figure 2B).
For example, mean SOC stocks were 1.7 + 0.18 to 2.5 + 0.24 kg/m? at 0-20 cm, 1.1 + 0.08 to
1.3 + 0.18 kg/m? at 20—40 cm, and 0.8 + 0.14 to 0.9 + 0.15 kg/m? at 40-60 cm. The range of SOC stocks
in the three fields are comparable to other croplands studies, such as those conducted in Ohio, United
States (mean: 0.41-2.24 kg/m?) [40] and southern Germany (mean: 2.0-2.9 kg/m?) [41], but lower than
croplands in western Minnesota, United States (mean: 3.27 kg/mz) [42], north-eastern Spain (mean:
3.5-14.7 kg/m2) [33] and western Australia (mean: 3.1 kg/mz) [6]. In general, the mean SOC stocks
decreased by 35—-47% from 0-20 cm to 2040 cm and by 25-33% from 20-40 cm to 40—60 cm. Other
studies, such as Conant et al. [28] in the southeastern United States, Li et al. [43] in southwestern China,
Tsozué et al. [44] in central Africa, Funes et al. [33] in north-eastern Spain, Chen [45] in central Taiwan,
and Parras-Alcantara et al. [46] in southern Spain, have also reported a decrease in SOC with depth.
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Numerous studies have measured SOC stocks at fixed depth intervals, while a few studies have
measured SOC stocks at equivalent soil mass [47,48]. We calculated SOC stocks using both fixed depth
and equivalent soil mass (Figure 3). The mean SOC stocks based on fixed depth were 17.4 to 25.0 Mg/ha
at 0-20 cm, 11.3 to 13.5 Mg/ha at 20—-40 cm, and 8.5 to 9.0 Mg/ha at 40—60 cm, whereas the mean SOC
stocks based on the equivalent soil mass were 18.8 to 27.9 Mg/ha at 0-20 cm, 11.9 to 14.3 at 20—40 cm,
and 8.5 to 9.0 at 40—60 cm. Overall, the results showed no significant difference in SOC stocks between
the fixed depth and equivalent soil mass methods in Maryland soils.

Field A Field B Field C

= Equivalent mass basis
= Fixed depth

SOC stock (Mg/ha)

0-20 20-40 40-60 0-20 20-40 40-60 0-20 20-40 40-60
Depth (cm)

Figure 3. Soil organic carbon (SOC) stocks calculated based on the equivalent mass and fixed depth at
three depths in three fields. The similar letters for each depth indicate no significant differences in SOC
stocks between equivalent mass and fixed depth (p < 0.05) for each field.

Soil properties affect SOC as C is stabilized by physical protection (e.g., aggregation, density)
and chemical mechanisms (e.g., solubility, mineralogy) [7,15]. The reduction of SOC stocks with
depth is linked to the reduction in the amount of soil organic matter, an increase in bulk density,
and changes in soil texture. The inverse relationship between soil bulk density and SOC has been
well recognized [38,45]. Studies have reported that SOC tends to be higher in soils with high clay and
silt than soil with more sand [42,49]. In all fields, the soil bulk density increased with increasing soil
depth and soil texture changed from silt loam in the surface layer to loamy sand and sandy loam in the
sub-surface layers (Table 1). The higher bulk density with depth indicated that soil compaction and
less pore space for root growth likely contributed to lower root biomass and C input in the sub-surface
layers. In terms of soil texture, the fine silt particles in the surface layer in the three fields can stabilize
and protect soil organic matter from microbial decomposition [50], resulting in higher SOC stocks
(Figure 2B). In addition, fine-textured soils tend to have greater nutrient- and water-holding capacities;
thereby, these soils can enhance biomass production which consequently increases C input to soils.
Future studies to elucidate the dominant mechanisms and soil characteristics linked to the stabilization
of SOC are needed to enhance SOC stocks.

3.3. Carbon to Nitrogen Ratios and Stable Isotopes in Agricultural Fields

The mean soil C/N ratios across three fields varied from 6.6 + 3.75 to 19.9 + 12.77, with significantly
lower C/N ratios in field A than fields B and C (Figure 4A). The variability of C/N ratios among three
fields could be affected by cropping history and management practices such as the use of cover crops,
which can influence the physical and biological properties of soil. For example, Haruna et al. [51]
reported that the use of cover crops improved macropores by 24% as compared to no cover crops,
which increased soil hydraulic conductivity. Further, non-leguminous crops such as corn tend to
have higher C/N ratios, which favors N immobilization over mineralization [52,53]. In contrast,
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leguminous crops such as soybean have lower C/N ratios and therefore favor N mineralization. Crop
residues on the soil surface can further affect the decomposition of soil organic matter and thus soil
C/N ratios. We observed a significant positive correlation (r > 0.96) between C/N ratios and SOC
stocks, implying that residues from aboveground leaf litter and below-ground roots are likely the
main source of SOC input into the soil (Figure S2). A significant declining trend was observed in
soil C/N ratios with soil depth likely due to the decrease in SOC (Figure 4A). Other researchers have
also found that the C/N ratios of most soils decrease with soil depth due to lower organic matter
content [54]. In addition, the C/N ratio was significantly positively correlated with SOC following
vegetation restoration, including farmland. Deng et al. [55] and Shi et al. [25] also found that a low soil
C/N ratio was associated with low SOC in the cropping system of the North China Plain.
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Figure 4. Median, mean (point), 25t and 75th percentile of (A) C/N ratios, (B) 513C, and (C) 6'°N
across depths in three fields. The different letters indicate significant differences among the three depths
(p < 0.05) for each field.
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The mean values of §!3C and §'°N at 0-60 cm depth in three fields were —25.3%o and 4.5%o,
respectively (Figure 4B,C), which fall well within the reported values (§'3C: —22.1%o to —27.2%o and
815N 4.1%o) for agricultural soils [56-58]. No significant increasing or decreasing trends of 5'°C were
observed at three depths in three fields. The values of §!3C in field A (mean: —29.0 + 1.41%0) were
more negative and significantly (p < 0.05) lower than fields B (=23.4 + 1.31%o0) and C (—23.4 £ 0.64%o0)
(Figure 4B). In contrast, the mean 51°N values at 0-60 cm depth (field A: 4.5 + 0.26%o; field B:
4.5 £ 0.90%o; field C: 4.4 + 0.31%o0) were not significantly different among three fields (Figure 4C).
The lower values of 5!13C in field A are likely due to the use of cover crops, as the d13C signatures of
SOC can be affected by different crops. For example, Schaefer et al. [57] reported that cover crops
resulted in a decrease of 0.3%o in §!3C and an increase of 0.1%o in §'°N as compared to no cover
crop soils in California. Overall, the results suggest that the C/N ratio and isotopic '3C signatures
could provide useful information for understanding the biogeochemistry of C in agricultural soils
with different management practices. The C/N ratios and isotopic signatures obtained in this work
provide information about the current levels in mid-Atlantic soils, which can be useful in the future to
determine how management practices may alter SOC dynamics.

3.4. Magnitude of Total Soil Organic Carbon Stocks

The mean SOC stocks at 0-60 cm depth ranged from 37 + 2.6 to 47 + 6.4 Mg/ha in three fields
(Figure 5), whereas the SOC stocks across eight grids were 33-41 Mg/ha in field A, 38-56 Mg/ha in field
B, and 42-55 Mg/ha in field C. The standard deviation of SOC stocks across eight grids in fields ranged
from 2.6 to 6.4 Mg/ha. The spatial variability of SOC within a plot was observed in other regions of the
United States [27,28]. In our three fields, the elevation decreased from northeast to southwest; and fields
A and B have a 0-2% slope, and field C has a 2-5% slope (Table 1 and Figure S1). The topography in
the three fields likely affected water flow direction, soil moisture content, decomposition of organic
matter, and depth of soil formation; these factors then likely contributed to the variability in SOC
stocks in fields.

Amount of Carbon Field A Field B Field C
(up to 60 cm depth in 1 ha) Mean: 3742.6 Mean: 47+6.4 Mean: 47+5.6
—~ 60 a a
% — —t—
E 50 L] :
F < a - :
oom -
£ 1:;
° g 30
@ 7
E 20
°
- = 10
0

Figure 5. Median, mean (point), 25", and 75t percentile of soil organic carbon stocks at 0-60 cm depth
in eight sampled grids for each field. Similar letters indicate no significant (p < 0.05) differences in SOC
stocks among three fields.

The three fields are typical agricultural fields, with corn-soybean as the main rotation (Table 1).
Studies have shown that the average amount of SOC in agricultural soils in Maryland between 2006
and 2011 was 53 to 60 Mg/ha up to 100 cm depth [59]. As the SOC decreases exponentially with
depth [33,40,60], the depth from 60 to 100 cm will only add a small amount of SOC stocks. In the
surface layer, SOC accounted for 47%, 52%, and 53% of the total SOC stocks for fields A, B, and C,
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respectively. The contribution of the surface soil layer to SOC has been reported to vary across different
climatic regions. For example, the contributions of the top 0-30 cm soil layer to SOC (up to 100 cm
depth) was 43-61% in Spain [33], 56-69% in Denmark [61], 59% in Iran [62], and 33% in France [63].
Several studies have reported the importance of climate and soil properties in SOC stocks [6,60,64],
whereas other studies have indicated that management practices and land use plays a critical role in
SOC stocks [9,16,65]. In summary, the relative contribution of surface and sub-surface layers to total
SOC stocks across regions is different, implying that impacts of drivers at regional scales should be
taken into consideration in adopting management practices for maximizing SOC sequestration.

A difference in total SOC stocks among the fields with different long-term cropping history
and management practices can be expected due to the differences in the amount of C inputs and
decomposition dynamics. For example, SOC stocks have been reported to generally increase when
no-tillage and cover crops are used [16]. We did not observe any significant differences in SOC in our
three adjacent fields likely due to the similar soils, parent material, climate, and a short history (less than
two years) of changes in management practices. It is known that a longer period of time is required to
detect differences in SOC after the establishment of management practices. For example, the influence
of no-tillage on the amount of decomposed C and microbial biomass C was observed after four or eight
years of practices in southern Georgia, United States by Adl et al. [22]. Piccoli et al. [66] compared
conventional and conservation agriculture management systems for SOC stocks in north-eastern
Italy and concluded that soil tillage did not affect microbial C. A meta-analysis to derive SOC stocks
in croplands from 30 studies worldwide reported no difference in changes of SOC stocks between
tillage and no-tillage treatments [13]. These studies suggest that the management practices used in
agricultural ecosystems need sufficient time to allow significant changes in the amount of SOC. Further
long-term studies are needed to evaluate how different management practices can be implemented
and optimized to enhance C sequestration and increase SOC stocks in soils.

3.5. Spatial Variability and Guidance for Determining Soil Organic Carbon Stocks

The spatial distribution of SOC in three fields is shown in the units of kg/m? in Figure S3 and
in Mg/ha in Figure 6. A significant difference (p < 0.05) in SOC stocks was observed in the surface
soil layer among three fields, whereas no statistically significant difference (p > 0.05) was found in
sub-surface layers. In the surface layer (0-20 cm), the coefficient of variation (CV) of SOC stocks within
eight grids was 11% in field A, 15% in field B, and 9% in field C. In contrast, the CV of SOC stocks
within eight grids in the sub-surface layers was 7-17% in field A, 14-16% in field B, and 17-22% in
field C. In this study, all three fields were under similar crop rotations (corn-soybean). The amount
of above- and below-ground residues in cropping systems are governed by different management
practices that can lead to variability in SOC in the surface layer. Spatial variability in the surface
soil layer and sub-surface layers is attributed to the variable C inputs of plant materials from crops,
residues, and roots. For example, root C input was identified as a major factor affecting SOC stocks in
the topsoil profile (0-30 cm) in agricultural systems [66]. In addition, multiple factors such as tillage,
crop diversification, and fertilization can influence SOC stocks [16]. A recent review of the impacts
of agricultural management practices on soil quality indicated that no-tillage generally enhances
aggregate stability and leads to greater soil organic matter and SOC in the upper soil layer [16,23].
Johnson et al. [67] reported that C input in aboveground biomass and root systems varied among crop
species (e.g., corn, soybean, wheat) and cropping practices (tillage vs. no-tillage).
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Figure 6. Spatial distribution of soil organic carbon (Mg/ha) stocks (fixed depth interval) in three fields
at three depths (1 = 8 grids for each depth and field).

The higher variability in SOC stocks in some of the grids in the surface layer (0-20 cm) implies
that the identification of the “benchmark site” approach, as suggested by Ellert et al. [27] and
Conant et al. [28], is needed to accurately determine changes in SOC stocks after implementation of
cropping and management practices. When considering SOC at 0-60 cm, the CV within eight grids
was 7% for field A, 14% for field B, and 12% for field C. The spatial variability within each field can be
reduced when eliminating two grids in the fields (e.g., A: grid 1 and 5; B: grid 1 and 6; C: grid 2 and 5;
Figure 6), which resulted in a slight reduction (1-3% of CV) to 6-11% across three fields. Based on this,
we suggest that a part of the area (about 0.4 ha or 4000 m?) in each field, as done in this study, can be
identified and divided into eight grids (0.05 ha or 500 m?) for collecting soil samples to determine SOC
stocks in the surface layer. Since SOC stocks were similar in the lower soil layers, as also reported in
other studies, we suggest collecting soil samples from only select grids (e.g., three of eight grids) to
determine SOC stocks at lower depths. This will minimize the resources and effort needed for deep soil
sample collection. Since SOC changes slowly, long-term measurements and re-sampling of previously
sampled locations over a period of time can provide valuable information for understanding the
changes in SOC stocks [68].

4. Conclusions

We determined the variability and current SOC stocks in three typical Maryland agricultural fields.
The C/N ratio and §'3C were used to understand the SOC characteristics in these soils. The pH and
SOC stocks in three fields significantly decreased from the surface soil layer (0—20 cm) to sub-surface
layers (2040 and 40-60 cm). Mean SOC stocks at 0-60 cm ranged from 37 to 47 Mg/ha. In addition,
the higher SOC stocks and spatial variability observed in the surface layer in the three fields were
likely due to the variable C inputs of plant materials (e.g., from corn, wheat, soybean, cover crops)
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and crop residues. SOC stocks at 0-60 cm depth in the three adjacent fields were not significantly
different, suggesting that long-term studies are needed to determine changes in SOC after the alteration
of management practices. The values of §'3C were lower in a field that used cover crops, implying that
isotopic 13C signatures could provide useful information for understanding SOC biogeochemistry in
agricultural soils. We suggest that future research should measure and track SOC stocks in fields using
a geo-referenced grid-sampling approach in a small area (4000 m?). After the agricultural practices to
optimize SOC stocks are implemented, the same grids should be re-sampled in a time frame of three
to five years to detect changes in SOC. This would allow researchers and practitioners to accurately
determine if the implementation of those practices resulted in any measurable changes in SOC and
other metrics for soil health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1139/s1.
Figure S1. Digital elevation map prepared using ArcGIS for the (A) study location showing all fields and (B)
separate elevation map for three individual fields. Figure S2. Correlation between soil organic carbon stocks
(kg/m?) and C/N ratio in three fields. Figure S3. Spatial distribution of soil organic carbon stocks (kg/m?) in three
fields at three depths (1 = 8 grids for each depth and field).
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