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Effect of conservation practices on soil
carbon and nitrogen accretion and crop
yield in a corn production system in the
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The effect of environmental factors on
corn (Zea mays L.) yield in the United
States southeastern Atlantic coastal
plain has been well documented (Persson
et al. 2009; Lamb et al. 2010) and of the
many climatic and environmental factors
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that affect corn production, water is frequently the most significant. Hook (1991)
showed that since 1938 the severe droughty
conditions that were most damaging to corn
yields occurred in two periods, the early
1950s and most of the 1980s. During the
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Abstract: Although conservation tillage is widely believed to be an agricultural management
practice effective for increasing soil carbon (C) accretion and associated soil quality, there is
limited research to determine whether conservation tillage increases net C accretion versus
simply altering the distribution of C content by soil depth. We implemented conservation
farming practices (winter cover cropping plus strip tillage) for a nonirrigated corn (Zea mays
L.) production system in the southeastern coastal plain of Georgia, United States, that had
been previously managed under a conventional plow and harrow tillage regime. Total soil
C and nitrogen (N) were measured on samples collected from 0 to 65 cm (0 to 25.6 in) at
57 sites before and after five years under conservation farming practices. Crop yield, winter
and summer aboveground crop biomass production, and biomass C and N content were also
measured annually at each site. Soil C increased an average of 20 Mg ha–1 (8.9 tn ac–1; 6 to 62
Mg C ha–1 [2.6 to 27.6 tn C ac–1], depending upon slope position) and was associated with a
N increase of 2 Mg ha–1 (0.89 tn ac–1). Although 72% to 80% of the C accretion was in the
top 35 cm (13.8 in), 3 to 6 Mg C ha–1 (1.3 to 2.6 tn C ac–1) was accreted from 35 to 65 cm
(13.8 to 25.6 in).The soil C accreted during the study amounted to 36% of the net biomass C
produced. Corn yield increased 2,200 kg ha–1 (1,964 lb ac–1) depending upon slope position
(1,200 to 2,500 kg ha–1 [1,071 to 2,232 lb ac–1]) during the same time. Analysis indicated that
soil C content from 15 to 35 cm (5.9 to 13.8 in) was the soil parameter primarily associated
with corn yield. Season rainfall from planting to corn silking stage for both corn production
years was the lowest in the past 45 years (20 to 25 cm [7.8 to 9.8 in] below the net crop
demand) suggesting that soil C-mediated increase in plant-available soil water was a mechanism contributing to improved corn yield. Calculated estimates (from soil clay, sand, and C
content) of increased soil water holding capacity suggest that C accretion in the top 35 cm
(13.8 in) of soil potentially increased water storage enough to supply up to four days’ worth
of additional crop water demand. These results indicated that conservation farming practices
can increase soil C and N accretion in degraded sandy soils of the humid southeastern United
States coastal plain, and that increased soil C may potentially mitigate the deleterious effects
of short-term rainfall deficits in nonirrigated production systems.

survey period, dry land production was estimated to be 38% to 64% of nonwater stressed
yields, and yield reducing dry periods were
the norm rather than the exception. Plant
available soil water is often limiting when
the rainfall is infrequent as well as during
drought years. Suboptimal moisture is further exacerbated by soils in the region that
range from sands to sandy loams with limited
water and nutrient retention capacities. Crop
production in the southeastern coastal plain
is dominated by corn, cotton (Gossypium
hirsutum L.), and peanuts (Arachis hypogaea)
grown in various rotation schemes with winter small grains occasionally integrated into
the cropping system. In Georgia, the production area planted to these crops in 2007 was
181,704; 403,240; and 209,919 ha (449,000;
996,427; and 518,721 ac) for corn, cotton,
and peanuts, respectively, and the nonirrigated portion of these crops comprised
96,501 (53%), 278,013 (69%), and 136,132
(64%) ha (238,500; 238,459; and 336,389 ac),
respectively (USDA 2007).
Surface soil properties are routinely used
to assess soil quality and are the basis for most
fertilizer and soil management recommendations. An increased emphasis on assessing the
spatial variability of surface soil properties as
a basis for site-specific agricultural management, and the delineation of management
zones based upon combinations of soil and
topographic properties has been shown to
elucidate yield variability (McCann et al.
1996; Fraisse et al. 2001; Terra et al. 2006).
Spatial variations in soil water content have
also been reported as important indicators
of crop yield zones (Paz et al. 1998; Li et al.
2001), and several researchers have demonstrated relationships between soil properties
and topographic attributes that may con-
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and soil quality parameters as they relate to
productivity, management, and the provision
of ecosystem services. Our hypothesis was
that on the very sandy soils of the southeastern coastal plain, nitrogen (N) storage and
availability in the rooting zone is the primary
driver of yield, and that both retention and
availability can be enhanced by improved
carbon (C) management. The objectives
were to evaluate relationships between the
spatial distribution (surface and subsurface)
of soil properties (plant available water,
texture, and C and N content), biological properties (winter cover biomass C and
N retention, microbial activity, and cycling
of N), and crop yield under a conservation
farming (winter cover cropping, strip tillage,
and low input) regime.
Materials and Methods
Crop Management. Two fields (3.1 ha [7.6
ac] in total) in Berrien County, Georgia
(83°21′09.96″ W, 31°22′37.89″ N), were
managed in a grain/grain/peanut rotation
where corn and pearl millet (Pennisetum
glaucum L.R. Br.) were used interchangeably
as the grain crop. Fields were planted to rye
(Secale cearale L.) at 78 kg ha–1 (69.6 lb ac–1)
and winter pea (Lathyrus hirsutus L.) at 34 kg
ha–1 (30.3 lb ac–1) in early November each
fall.Winter cover crops were terminated each
spring with glyphosate (0.4 L ha–1 [0.042 gal
ac–1]), strip tilled (10 cm [3.9 in] widths), and
planted to corn (Dekalb 69-72 on 91 cm
[35.8 in] rows) on April 17, 2008, and April
18, 2011, at a target population of 66,000
seed ha–1 (163,100 seed ac–1). Peanuts were
planted (Georgia Greener and C-724 on 91
cm [35.8 in] rows) on May 1, 2009, at a target population of 215,000 seed ha–1 (531,300
seed ac–1). Pearl millet was planted on April
29, 2010, on 38 cm (14.9 in) rows at 11 kg
ha–1 (9.8 lb ac–1). Poultry litter (2.1% N and
22.5% C) was broadcast on April 12, 2007,
and April 10, 2008, at a dry matter rate of
4,500 kg ha–1 (4,018 lb ac–1). Commercial
fertilizer blends were broadcast on April 20,
2010, (N-P-K at 58, 84, and 74 kg ha–1 [51.8,
75, and 66 lb ac–1] respectively); June 4, 2010,
(61 kg ha–1 N [54.5 lb ac–1 N]); October 7,
2010, (N-P-K at 18, 32, and 63 kg ha–1 [16,
28.5, and 56.2 lb ac–1], respectively); and April
27, 2011, (N-P-K at 110, 32, and 79 kg ha–1
[98.2, 28.5, and 70.5 lb ac–1], respectively).
There was no irrigation. Prior to 2007, the
fields were leased by a series of producers,
and management information is unavailable.

Plant Biomass Sampling and Yield. Fiftyseven sampling sites were set up on a grid
across the 3.1 ha (7.6 ac) site and were used
for locations of soil, plant biomass, and yield
sample collections.Winter crop aboveground
biomass was collected from three 930 cm2
(144.2 in2) subplots within a 3 m (9.8 ft)
radius of each of the 57 sampling sites (figure 1). Biomass was composited, dried for
72 hours at 60°C (140°F), weighed, ground
in a Wiley mill, and analyzed on a Vario EL
III C-N analyzer (Elementar Americas, Mt.
Laurel, New Jersey). Crops were harvested
from a 15.2 m (49.8 ft) section of a single
row centered on each of the 57 soil sampling
sites. Corn was hand harvested in August
after physiological maturity (black layer
expression). Peanuts were combined into
separate bags for each site. Millet heads from
each site were hand harvested by clipping
at the base of the panicle. Corn and millet
were hand threshed and peanuts were shelled
mechanically. Samples were dried at 105°C
(221°F) until the mass remained constant for
two consecutive days.
Soil Sampling and Analysis. Soils at the
research site have been classified (USDA
Soil Survey Staff) as an Alapaha loamy
sand (loamy, siliceous, thermic, plinthic
Paleaquult), a Carnegie sandy loam with 5%
to 8% slopes (fine, kaolinitic, thermic, plinthic Kandiudult), and a Tifton loamy sand
with 2% to 5% slopes (fine, loamy, kaolinitic,
thermic, plinthic Kandiudult). Soil cores
were taken from each of the 57 sampling
sites (figure 1) on June 26, 2008, and May
16, 2011, using a tractor mounted Giddings
probe (Giddings Machine Company,
Windsor, Colorado) fitted with a clear plastic sleeve inside the sampling tube. Each core
was plugged with paper towels to minimize
disturbance of the soil surface layer, capped,
transported to the lab, and stored at 4°C
(39.2°F) until processed. Cores were subsampled by depth increment (0 to 15, 15 to 25,
25 to 35, 35 to 45, and 55 to 65 cm [0 to 5.9,
5.9 to 9.8, 9.8 to 13.7, 13.7 to 17.7, and 17.7
to 21.6 in]). Subsamples were sieved (2 mm
[0.08 in]) to remove rocks, and root material
was removed by hand. Particle size analysis
for each increment was measured by the
hydrometer method (Bouycous 1951). Total
soil C and N for each section were determined on oven dried and ball-milled samples
from each depth increment using a Vario EL
III combustion C-N analyzer. Soil moisture
content at sampling was determined gravi-
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trol soil water distribution (Kravchenko and
Bullock 2000; Fraisse et al. 2001). Efforts to
integrate the spatial variability in soil nutrient and water distribution have focused on
the observation that yields may be related to
the patterns of apparent soil electrical conductivity (Kitchen et al. 1999). Thus many
have delineated management zones based
upon topography and apparent electrical
conductivity (Sudduth et al. 1996; Fraisse
et al. 2001; Terra et al. 2006). Boydell and
McBratney (2002) demonstrated a high
degree of correlation between crop imagery data and yield during the same year, and
Sullivan et al. (2005, 2006, 2008) have used
satellite imagery to assess the spatial variability in soil surface properties and tillage
regime. Management zone delineations are
typically validated based on relational data
over multiple years (Sawyer 1994; Franzen et
al. 1998; Boydell and McBratney 2002).
Although considerable progress has been
made in the delineation of management
zones based upon surface properties, there
is little information on the relationship
between these properties and the subsurface
environment to which crop roots must adapt.
Landscape variations in depth to restrictive
subsoil layers are expected to impact nutrient
and water availability for crop growth as well
as the quality of water moving to surface
water bodies via lateral subsurface flow. This
relationship may be important in the very
sandy, highly erodible soils of the US southeastern coastal plain where temperatures
and evaporative water demands are high,
soil nutrient and water retention capacities
are low, and the frequency of high intensity precipitation events during convective
summer thunderstorms and tropical cyclones
can lead to severe soil erosion, redeposition,
and profile burying within landscapes. The
low water and nutrient holding capacities of
sandy surface soils in the region underscore
the potential importance of subsurface soil
characteristics when taken into consideration
with previous research demonstrating that
heavier textured subsoils of the Tifton loamy
sand series have reduced hydraulic conductivity and are believed to restrict rooting
depth and deep percolation while inducing
lateral subsurface flow (Hubbard et al. 1985)
that may be as much as 22% of the annual
rainfall (Shirmohammadi et al. 1984).
This research is part of a long-term effort
to further understand the linkages between
watershed- and landscape-scale hydrologic
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Figure 1
Corn yield in (a) 2008 and (b) 2011. Circles identify individual sampling sites for soil, biomass, and yield measurements.

(a)

97

98

98 97

96

96

(b)

97

94

94
96

95

95

94

94
Corn yield (kg ha–1)

25

75 150

50

Corn yield (kg ha–1)

100 m
300 ft

metrically after drying for 24 hours at 105°C
(221°F), and all reported values were converted to a dry weight basis. Bulk densities for
each core section were taken as the oven dry
mass of rock-free soil (<2 mm [<0.08 in]) per
core volume. Soil plant available water contents for each soil depth were calculated as
described by Williams et al. (1984) using soil
sand, silt, clay, and organic matter content.
Surface soil (0 to 15 cm [0 to 5.9 in])
samples collected July 31, 2008, and depth
increment composites (0 to 35 cm [0 to
13.7 in]) from May 16, 2011, were used to
estimate plant-available N. Samples were
treated using a modification of the chloroform fumigation-extraction procedure
(Brookes et al. 1985) in which chloroformed
samples were maintained in a vacuum desiccator for 7 days at room temperature
followed by extraction with 0.5 M potassium sulfate (K2SO4). Extracts were filtered
(Whatman GF-F) and analyzed for total N
on a Shimadzu TOC-VCPN analyzer with
ASI-V autosampler and a TNM-1 N module
(Shimadzu Scientific Instruments, Columbia,
Maryland). Chloroform fumigated extracted
(CFE) concentrations without subtraction
of control (Franzluebbers et al. 1999) were
multiplied by soil bulk density and taken as
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an estimate of potentially mineralizable C
and N. Values for the 15 to 35 cm (5.9 to
13.7 in) interval were estimated for the July
31, 2008, sampling date by assuming concentrations were equal to the 0 to 15 cm (0
to 5.9 in) samples.
Statistical Analysis. Management Zone
Analyst 1.0.1 (MZA) software (Fridgen et
al. 2004) was used to determine the appropriate number of discrete fuzzy c-means
(also termed k-means) clusters of corn yield
within the two fields for 2008 and 2011.
Fuzzy c-means clustering allows individual
sites to have partial membership in multiple
classes and is designed to handle nonnormal data distributions (Fridgen et al. 2000).
Management Zone Analyst was run for each
year and field individually using the diagonal
option of similarity measurement, because
yield variance was unequally distributed.
Management Zone Analyst output indicated that fields were best divided into five
(2008) and six (2011) yield response clusters.
Because the two versions of mapped yield
distributions were similar, our objective was
to compare yield changes between years, and
the 6-cluster approach resulted in limited
sites within some clusters; we chose the 2008
5-cluster distribution (figure 1) for statistical
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analyses comparing variables between clusters and years. Variables were aggregated as
year × depth × soil parameter, where depth
was either individual sampled increments or
composite depth increments of 0 to 35 cm
(0 to 13.7 in) or 3 to 65 cm (1.2 to 21.6 in).
Soil parameters that overlapped in 2008
and 2011 were used in a joint analysis to
identify differences in corn yield response
between the two years (R Core Team
2014). To screen for parameters associated
with yield, we used an analysis of covariance approach where clusters were taken
as a block variable and a nested regression
performed per each of these clusters. That
is, instead of performing a regression analysis separately for each of the zones, we
performed a regression analysis assuming a
different intercept and slope for the regression line per zone while combining all data
together. Such an approach produces a more
powerful analysis by increasing the residual
degrees of freedom. Within this analysis of
covariance structure, we use the r 2 measure
of fit to determine the variables that contributed most to explaining the data. These
variables were then evaluated using a model
selection approach based on the likelihood
ratio test. Once candidate variables were
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Figure 2
Depth to Bt horizon by fuzzy c-means cluster.

identified, we compared models with these
variables having different slopes per zone to
ones that included one slope for all zones per
variable. This test was conducted to determine if different zones might be impacted
differently by candidate variables. Finally,
those variables that did not show a difference
in slope across zones were tested to determine whether they should be kept in the
model. In the case where year was involved,
we also compared to a reduced model where
the effect of year was removed using a 0.1
level of significance along with a Bonferroni
correction. The choice of 0.1 was to accommodate some close to 0.05 significance levels
that were observed in the analysis.
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As expected in the dry years of 2008 and
2011, corn yield was lowest in the upper
slope sites (cluster 1), increased through the
midslope sites (clusters 2 to 4), and was highest at the lowest slope sites (cluster 5, figure
1 and table 1). While the difference in corn
yield between adjacent clusters was significant only between clusters 4 and 5 in 2011,
there was a gradual yield increase moving
down slope in both years (table 2). Corn
yield in 2011 was substantially higher than
in 2008 in all clusters, and total yield in 2011

was almost twice that of 2008, at 189%. The
largest yield difference between years was in
the upper slope sites and the smallest in midslope sites (cluster 3).Yield in both years was
well below the average for Berrien County,
while peanut yield in 2009 was equal to the
county average (table 2).
Below-normal corn yields were not likely
the result of rainfall differences during the
growing seasons of this project. Growing
season rainfall in 2009 (66.4 cm [26.1 in])
and 2010 (69.4 cm [27.3 in]) was greater
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Results and Discussion
Soils in this region of the southeastern
coastal plain are characterized by a long history (~200 years) of plow tillage and intense
spring and summer thunderstorms. Upper
slope positions in these landscapes typically
reflect a history of soil erosion and have
shallow Ap horizons with high clay content. Lower slope positions are typically
characterized by reduced erosion impacts
and/or sediment deposition areas enriched
in sand. The Carnegie and Tifton soil associations have been characterized as having
dense subsurface argillaceous layers at the Bt
horizon that divert infiltrating rainfall to lateral subsurface flow (Hubbard et al. 1985).
Descriptive pedons reported for these soils
have Bt horizons that range from 10 to 53
cm (3.9 to 20.8 in) deep with 15% to 39%
clay for the Carnegie and 18 to 86 cm (7.1
to 33.8 in) deep with 13% to 47% clay for
the Tifton (Perkins 1987). These soils have
been reported to restrict crop root exploration due either to a physical barrier against
penetration due to compaction, tillage,
and fragipans; layers high in plinthite; or
to unfavorable chemical conditions (Fiskell
and Perkins 1970). Reduced water permeability in the Bt horizon was also identified
by Perkins (1987) as a characteristic typical
of plinthic soils in the region that increases
irrigation efficiency by holding water at
the base of the rooting zone. Depth to the
Bt horizon at the site ranges from 21 to 65
cm (8.2 to 25.6 in) (figure 2), and the pronounced effect of erosion and deposition is
reflected in the significantly higher sand content down to 65 cm (25.6 in) in the lower
slope positions (clusters 4 and 5, table 1).
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Table 1
Average stone content and soil particle size content (%) in two depth increments within corn
yield clusters.
Cluster

0 to 35 cm				

35 to 65 cm

Stones

Stones

Sand

Silt

Clay

Sand

Silt

Clay

1
17ab*
67a*
6ab*
27a*
6a
59a
5a
36a
2
20b*
78b*
6a
16b*
14b
64ab
7b
29b
3
17ab*
81b*
7ab
12b*
12b
66b
7b
27b
4
16a
82b*
7ab
11bc*
16b
74c
8b
18c
5
5c
83b*
8b
9c*
6a
81d
6ab
13c
Notes: Values within a column followed by the same letter are not significantly different between
zones (p ≥ 0.05). Particle diameters: stones, >2 mm; sand, 2 to 0.05 mm; silt, 0.05 to 0.002
mm; and clay, <0.002 mm.
*Size class values within a cluster are significantly different between depths (p ≤ 0.05).
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Table 2
Crop yield within fuzzy c-means clusters from 2008 to 2011.
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Yield (kg ha–1 [SE])
Cluster (n)

Corn-2008

Peanut-2009

Millet-2010

Corn-2011

1 (6)
1,230 (200)aA
3,050 (210)a
790 (40)a
3,700 (180)aB
2 (9)
2,180 (180)abA
3,470 (150)a
790 (100)a
4,060 (190)abB
3 (11)
3,250 (200)bcA
3,460 (180)a
660 (80)a
4,410 (260)abA
4 (4)
3,890 (120)cdA
3,590 (160)a
770 (80)a
5,440 (260)bA
5 (6)
5,250 (170)dA
3,150 (250)a
760 (190)a
6,890 (400)cB
Farm mean
2,500 (190)A
3,350 (90)
750 (40)
4,730 (220)B
County mean*
7,276
3,282
—
8,060
Note: Values followed by the same lowercase letter are not significantly different between
clusters in the same year, and values followed by the same uppercase letter are not significantly
different between 2008 and 2011 (p > 0.05).
*County data includes irrigated and nonirrigated production.
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Figure 3
Growing season rainfall (April 1 to September 7).
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than or equal to the 75th percentile (1968 to
2008) for the region. However, rainfall for
the 2008 (24.5 cm [9.6 in]) and 2011 (33.9
cm [13.3 in]) growing seasons was only 47%
and 65% of the long-term average (51.9 cm
[20.4 in]; Bosch et al. 2007) for the area, and
amounts were comparable to the lowest on
record for during this same period (figure
3). Rainfall amounts during 2008 and 2011
were almost identical for the first 110 days
of corn development, or mid-dent stage.
When soil core data is aggregated by corn
yield cluster, it can be seen that soil particle
size content followed the same trend as corn
yield with respect to slope position (table
1). Upper slope position soils had 1.3 to 2.8
times the clay content in the top 65 cm (25.6
in) compared to lower slope positions. The
pronounced effect of erosion and deposition
is reflected in the significantly higher sand
content down to 65 cm (25.6 in) in lower
slope positions (clusters 4 and 5). In conjunction with the greater yield increase response
observed from 2008 to 2011 in these clusters
(figure 4), differences in soil texture suggest
a possible relationship between yield and
soil characteristics. Thus we investigated the
influence of soil properties on corn yield differences between 2008 and 2011 and among
clusters within a given year.
Soil Parameters Associated with Corn
Yield. The strength of the relationship
between corn yield and soil characteristics in
2008, 2011, and both years combined was
evaluated. Although several soil variables
were well correlated with yield, for model
selection we chose the variable that maintained the highest r 2 as the initial variable in
the model and then added variables until the
total r 2 value was close to 0.99.The first chosen variable for the three periods evaluated
was bulk density corrected C at depth 15 to
25 cm (5.9 to 9.8 in) (r 2: 2008 = 0.974; 2011
= 0.986; combined = 0.983). Sequentially
added variables that optimized the r 2 increase
included the following:
• 2008: C:N ratio at 35 to 45 cm (13.8 to
17.7 in), silt % at 0 to 15 cm (0 to 5.9 in),
and silt % at 35 to 45 cm (13.8 to 17.7
in), respectively (final r2 = 0.989);
• 2011: bulk density corrected N at 25 to 35
cm (9.8 to 13.8 in) and silt % at 35 to 45
cm (13.8 to 17.7 in) (final r2 = 0.989); and
• combined years: silt % at 55 to 65 cm
(21.6 to 25.6 in), bulk density corrected
C at 25 to 35 cm (9.8 to 13.8 in), and
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Figure 4
The 2008 vs 2011 corn yields within fuzzy c-means clusters.
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C:N ratio at 35 to 45 cm (13.8 to 17.7
in) (final r 2 = 0.99).
Chosen variables were then evaluated to
identify those that showed significant differences in slopes among the different zones.
Those that did are shown as nested, with a
“/” indicating variable nesting within these
zones. The final model selection step identified those variables that, if dropped from
the model, will not affect the overall model
fit. These variables were dropped from the
model. All analyses assumed different intercepts associated with each zone. The models
that best represented corn yield were
• 2008: silt % at 0 to 15 cm (0 to 5.9 in) +
zone/(C at 15 to 25 cm [5.9 to 9.8 in] +
C:N ratio at 35 to 45 cm [13.8 to 17.7 in]);
• 2011: zone + C at 15 to 25 cm (5.9 to
9.8 in) + N at 25 to 35 cm (9.8 to 13.8
in); and
• combined years: year + zone + year ×
zone/(C at 15 to 25 cm [5.9 to 9.8 in]).
Parameter estimates and associated standard errors are presented in table 3.
Soil Carbon and Nitrogen Accretion. The
importance of soil organic matter to soil
quality has been widely reported (Hati et al.
2006; Lal 2010; Wang et al. 2011; Kahlon et
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al. 2013), and the rapid shift observed in the
association between yield and soil C content between 2008 and 2011 suggests soil C
increases can critically impact sandy soils that
rarely exceed 2% C. Soil C and N increased
from 2008 to 2011 in all clusters at all depths
sampled (figure 5). The soil C increase was
comparable across field slope positions, and
the only significant difference observed was
that cluster 5 increased more than clusters 1
and 3 (table 4). The C increase from 2008
to 2011 ranged from 66% to 199% of the
2008 base level and was significant for all
soil depths examined except the 35 to 45 cm
(13.8 to 17.7 in) increment (table 4).The soil
C content increase in the top 65 cm (25.6
in) ranged from 6.4 to 62.1 Mg ha–1 (2.8 to
27.7 tn ac–1) among individual sampling sites
and averaged 20 Mg ha–1 (8.9 tn ac–1) for the
farm. Although 72% to 80% (12.8 to 23.2
Mg ha–1 [5.7 to 10.3 tn ac–1]) of the soil C
increase was observed in the top 35 cm (13.8
in), an increase of 3.3 to 6.3 Mg ha–1 (1.4 to
2.8 tn ac–1) from 35 to 65 cm (13.8 to 25.6
in) underscores the value of routinely taking
C measurements deeper in the soil profile as
suggested by Baker et al. (2007).
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1,000

The combined aboveground winter cover,
crop residue, and poultry litter amendments
amounted to approximately 31 Mg C ha–1
(13.8 tn ac–1 C) and 1.05 Mg N ha–1 (0.47
tn ac–1 N) returned to soil over the four-year
study (table 5). Winter cover C and N in
aboveground biomass was greater than that of
crop residue in all years, amounting to 60% of
C and 53% of N returned to the soil. Winter
cover C and N returns to soil were relatively
uniform across all sites and clusters with
coefficients of variation of 3.4% and 3.5%
respectively (data not shown). A comparison
of total winter cover, crop residue, and fertilizer C and N inputs to soil core data suggests
that 64% of the aboveground biomass plus
poultry litter C inputs to soil were accreted in
the top 65 cm (25.6 in) during the four-year
study period (table 5).
Total N accretion measured during the
five year study was 1,045 kg ha–1 (933 lb ac–1)
greater than the inputs from aboveground
biomass plus fertilizer amendments (table
5). It can be assumed that approximately
13 kg ha–1 (11.6 lb ac–1) of net N input was
from atmospheric deposition (NADP 2013).
Although peanut is an N-fixing legume, previous research suggests that peanut residue is
an insignificant source of N to subsequent
crops in similar soils (Balkcom et al. 2004,
2007) indicating that soil N accretion is most
likely due to N fixation by winter pea. We
use the net soil N increase to estimate belowground biomass C production based on the
following four assumptions: (1) N is accreted
as soil organic N, (2) the only sources of soil
organic matter are from decomposition of
poultry litter and crop biomass, (3) the slope
of the relationship between soil C and N is
the same in 2008 and 2011 (figure 6), and (4)
the N use efficiency (NUE) of belowground
crop biomass is the same as aboveground
crop biomass where
(1) aboveground biomass NUE = (biomass
C – poultry Litter C) / added N, and
(2) belowground biomass C production
= aboveground biomass NUE × soil
N accreted.
Inserting measured values from table 5
{[(31,000 – 2,016) / 1,055] × 1,045} results
in an estimate of 28,709 kg ha–1 (25,637 lb
ac–1) of belowground crop biomass production, and a total C input from crop biomass
to be approximately 55,000 kg ha–1 (49,115
lb ac–1) for a net estimated soil C accretion
efficiency of about 33%.
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Table 3
Parameter estimates for variables associated with corn yield.
Variable

Estimate

Std. Error

t value

Pr(>|t|)

2008 yield = silt % at 0 to 15 cm + zone/(C at 15 to 25 cm + C:N ratio at 35 to 45 cm)
Silt % at depth 0 to 15 cm
Zone 1 to 5
–144

66

Bulk density corrected C at 15 to 25 cm
Zone 1
0.56
0.34
Zone 2
–0.77
0.20
Zone 3
0.24
0.21
Zone 4
–0.32
0.57
Zone 5
0.51
0.29
Bulk density corrected C:N ratio at depth 35 to 45 cm
Zone 1
–295
121
Zone 2
27
57
Zone 3
252
125
Zone 4
–26
86
Zone 5
–152
77

–2.2

0.040

1.65
–3.92
1.15
–0.56
1.78

0.112
0.001
0.260
0.580
0.087

–2.4
0.5
2.0
–0.3
–2.0

0.023
0.645
0.054
0.761
0.062

Bulk density corrected C at 15 to 25 cm
Zone 1 to 5
0.191

0.0385

4.96

<0.001

Bulk density corrected N at 25 to 35 cm
Zone 1 to 5
1.35

0.504

2.68

0.010

2008 and 2011 combined yield + zone + year × zone/(C at 15 to 25 cm)
yr1
263
yr2
3,610
yr2:zone2
–4,680
yr2:zone3
–3,640
yr2:zone4
–4,740		
yr2:zone5
–4,440
Bulk density corrected C at 15 to 25 cm
yr1:zone1
0.246
yr2:zone1
0.0686
yr1:zone2
–0.841
yr2:zone2
0.294
yr1:zone3
0.276
yr2:zone3
0.328
yr1:zone4
–0.306
yr2:zone4
0.281
yr1:zone5
–0.0977
yr2:zone5
0.191

913
971
1,510
1,670
2,020
1,760
0.392
0.153
0.234
0.0553
0.237
0.102
0.474
0.0673
0.180
0.0564

Soil Carbon and Water Use Efficiency.
The rate of corn yield increase between 2008
and 2011 was highest in cluster 5 (table 2 and
figure 4), and total C in the 15 to 35 cm
(5.9 to 13.8 in) depth increments was most
strongly associated with corn yield (table 3).
Our hypothesis that soil N availability could
be improved by enhanced C management is
supported by the strong association between
increases in total C and N (figure 6) and by
the inclusion of C:N ratio at 35 to 45 cm
(13.8 to 17.7 in) and total N content at 25 to
35 cm (9.8 to 13.8 in) in the yield association
models for 2008 and 2011, respectively (table
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0.29
3.71
–3.10
–2.18
–2.35
–2.52

0.774
<0.001
0.003
0.032
0.021
0.014

0.63
0.45
–3.60
5.31
1.16
3.23
–0.65
4.18
–0.54
3.38

0.533
0.655
<0.001
<0.001
0.248
0.002
0.520
<0.001
0.590
0.001

3). However, the addition of these variables
only provided a small increase in r2 (<0.015
in 2008 and <0.003 in 2011). Soil CFE N
values have been demonstrated to be correlated with plant available N (Myrold et al.
1987). Estimated amounts of CFE N from
the top 30 cm (11.8 in) of soil constituted
8% to 50% of the N required to generate
the observed corn yield in 2008 and 100%
to 160% of the observed yield in 2011 (table
6). The CFE results are consistent with the
model results (table 3) suggesting a small
yield effect from soil organic matter C:N
ratios in 2008. The very small increase in r2
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2011 yield = zone + C at 15 to 25 cm + N at 25 to 35 cm

provided by including total N at 25 to 35 cm
(9.8 to 13.8 in) in the model for 2011 could
be an artifact of the colinearity between soil
C and N, or it may suggest that increased N
per se was not the primary contributor to
yield differences during the two growing
seasons examined. Given the extremely low
rainfall during these two growing seasons
(figure 2), it is possible that the strong association of soil C and N (figure 6) masked
the statistical effect of N on yield due to the
indirect effect soil C has on the retention of
plant available water by soil.
Hatfield et al. (2001) reported corn
water use efficiencies (WUE, kg grain ha–1
cm–1 water) ranging from 122 to 158 under
irrigation. The growing season water use
efficiency of the fuzzy c-means clusters in
our study ranged from 50 to 214 in 2008,
and from 86 to 116 in 2011 (taken as a function of cumulative rainfall from planting to
maturity—figure 7a and 7b; 140 days after
planting). Only values from cluster 5, at the
lowest slope position, approached values for
irrigated corn. However, plotting the relative WUE as a function of the cumulative
rainfall at critical corn growth stages suggests
that there was more water available through
the tasseling stage, and that WUE differences among clusters was reduced in 2011.
Because rainfall amount was the same for all
clusters within a given year, we regressed
relative WUEs across critical growth stages
in 2008 vs 2011 (figure 7c) to estimate the
magnitude of change in WUE for each
cluster. Although the rate of change (slope)
appeared to be the same for each cluster, this
may be because rainfall patterns and amounts
varied little between the two years (figure 3).
However, the overall increase in WUE from
2008 to 2011 was significant (p < 0.001),
and the magnitude of WUE increase varied
between clusters (figure 7d). We suggest that
this pattern of WUE increase may be associated with the effect of accreted C on soil
water content.
The relationship between soil particle size
content and C content is routinely used in
modeling to estimate plant available water
when aggregating large data sets where water
retention curves are unavailable. Calculated
soil water storage potentials (Williams et al.
1984) at this site are low (2.8 to 3.1 cm [1.1 to
1.2 in] in 2008 and 3.0 to 3.4 cm [1.2 to 1.3
in] in 2011, table 7), but indicate that available water increased down slope from cluster
1 through 5 in both 2008 and 2011 and that

Figure 5
Profile (a and b) nitrogen (N) and (c and d) carbon (C) content in (a and c) 2008 and (b and d) 2011. Carbon and nitrogen increases between years
were significant (p ≤ 0.05) within all clusters for all depths and for the total profile. Error bars are ± one standard error for the total profile (n = 57).
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the amount of available water increased significantly between the two growing seasons
in all but cluster 4. When compared to corn
water demand during critical growth stages,
results suggest that soil C accreted between
2008 and 2011 increased the number of days
between rainfall events that corn could grow
without water stress by up to four days during the period prior to tasseling (table 8). It
is also possible that higher corn yield from
the lower slope positions was partially due
to greater available soil water as a result of
increased rooting depth. The depth to the Bt
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1

horizon in clusters 3 to 5 ranges from 10 to
30 cm (3.9 to 11.8 in) greater than in clusters 1 and 2 (figure 2) and may provide an
increased capacity for root exploration relative to the more eroded slope positions.
Summary and Conclusions
The results from these experiments demonstrate the critical role that soil C accretion via
conservation cropping practices can have for
sandy soils in the southeastern coastal plain
of the United States. Conservation farming practices increased soil C an average of

20 Mg ha–1 (8.9 tn ac–1) and amounted to
approximately 33% of the net biomass C
produced by summer and winter crops. Data
also demonstrate that soil C storage from
conservation farming practices provided an
increase in soil N by an average of 2 Mg ha–1
(0.89 tn ac–1) over three years and suggest
that the increased C may also increase soil
water holding capacity enough to provide up
to four days’ worth of corn water demand.
The increases in soil C, N, and water holding capacity contributed system resiliency to
the periodic short-term rainfall deficits typi-
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Table 4
Soil carbon (C) change from 2008 to 2011.
Carbon increase (kg ha–1)
Cluster

0 to 65 cm

0 to 15 cm

% of total

1
17,000a
6,500a
38
2
21,000ab
6,800a
33
3
16,000a
5,800a
36
4
22,700ab
7,400a
33
5
29,000b
9,800a
34
Whole farm regression: 2008 vs. 2011 carbon (kg ha–1)
0 to 65 cm

0 to 15 cm

Slope
1.99
0.76
p
<0.001
<0.001
Overall carbon increase (kg ha–1)
0 to 65 cm

15 to 35 cm

% of total

7,200a
8,500ab
7,000a
8,900ab
13,400b

41
41
43
39
45

15 to 25 cm

25 to 35 cm

35 to 45 cm

55 to 65 cm

2.1
<0.001

0.66
<0.001

0.55
0.257

1.12
0.01

cal of southeastern coastal plain nonirrigated
production systems that was associated with
a 189% increase in corn yield.
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0
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Table 8
Estimated increase in days of corn water demand stored in the top 35 cm of soil between 2008
and 2011.

Stage

180

Water
demand
(cm d–1)*

Stage
duration
(days)

Cluster

			

1

2

3

4

5

Emergence
0.203
4-leaf
0.158
8-leaf
0.160
12-leaf
0.083
Early tassel
0.142
Silking
0.119
Blister
0.055
Begin dent
0.093
Full dent
0.077
Maturity
0.025
*Harrison and Lee 2012
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