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a b s t r a c t

Agricultural systems are important for world ecosystems. They can be managed to moderate CO2 emis-
sions. World soils can be both a sink and source of atmospheric CO2, but it is a slow process. Data from
long-term soil management experiments are needed to assess soil carbon (C) sink capacity through a
complete life cycle analysis of direct and hidden C changes. Eight commonly used agricultural systems in
eywords:
oil carbon sequestration
ong-term field experiment
illage
otation

northern Appalachia (OH, USA) were tested after 38 year to assess the magnitude of the soil C pool. Only
a forest ecosystem and a no-tillage corn (Zea mays L.) crop plus manure increased soil organic carbon
(SOC) by 37.3 and 33.3 Mg C ha−1, respectively; meanwhile monoculture corn and/or no-tillage practices
maintained the SOC level over the period. Thus, most of north Appalachian agriculture, with current
practices, does not contribute to C sequestration. Improved agricultural practices for no-tillage continu-
ous corn should include cultivars with higher residue production (above- and belowground) and slower

rder t
atershed decomposition rates in o

. Introduction

World soils represent a large organic C pool (1500 Gt to 1-m
epth), which is more than the biotic (560 Gt) and atmospheric
780 Gt) pools combined (Lal, 2004). The atmospheric pool is
ncreasing at the rate of 3.5 Gt C yr−1 (IPCC, 2007; WMO, 2008),
rimarily by fossil fuel combustion and land use conversion. The
errestrial pool, soil and biotic, have been a source of atmospheric
O2 ever since the dawn of settled agriculture about 10 millennia
go. Soils represent a short to long-term C storage sink and have the
otential to off-set anthropogenic emissions (Swift, 2001). There-
ore, establishing long-term field experiments is important to study
OC dynamics in relation to land use and management. Several agri-
ultural field experiments have run for more than 100 years; studies
f about 20 years duration are also valuable. The turning point in the
ong-term field experiment history came in 1925 when Sir Ronald
ylmer Fisher established modern statistical science. The keys were

he introduction of blocks (replications) in the experiment, type of
esign, and analysis of variance. This milestone in designing the
eld experiment has led to the pre-Fisher and post-Fisher eras.

hilst a post-Fisher replicated experimental design is appropriate

or the majority of studies, there are numerous situations in which
eplication is simply impossible (Machado and Petrie, 2006). A rel-
vant case is that of watershed experiments to study the impact of

∗ Corresponding author. Tel.: +34 957 218 495; fax: +34 957 218 440.
E-mail address: rafael.lopez@dcaf.uhu.es (R.J. López-Bellido).

167-8809/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2010.03.012
o increase SOC sequestration.
© 2010 Elsevier B.V. All rights reserved.

land use and management. One example is the North Appalachian
Experimental Watersheds (NAEW) established in 1938 in OH, USA.
The extent of the region of similar characteristics of NAEW covers
hill land of southeastern Ohio, western Pennsylvania, and parts of
West Virginia, Kentucky, southern Indiana, and Tennessee. The key
issue is time, providing direct observations of changes in soil quality
and functioning across time scales of decades as well as, indicating
whether adoption of management practices (not necessarily com-
paring different treatments) changes the system performance over
time. The NAEW research is based on the study of three important
cultural practices (tillage systems, crop rotations, and fertilization),
which strongly impact SOC dynamics. Results obtained from the
NAEW in past studies (Blanco-Canqui et al., 2005; Puget et al., 2005)
have also compared the SOC pool among some watersheds with dif-
ferent land use by simple pseudo-replication, being not valid from
a statistical point of view.

The objective of the present study was to compare SOC mea-
sured in 1969 (Kelley et al., 1975) with data obtained in the
same watersheds in 2007 by using the temporal pseudo-replication
model (Hurlbert, 1984) in order to know if the typical agricultural
systems in the area contribute to sequestration.

2. Materials and methods
The present investigation was conducted at the NAEW near the
town of Coshocton in Northeast Ohio (40◦22′N, 81◦48′W, elevation:
300–600 m). This research station was established in 1938 by the
US Department of Agriculture. Crop rotations, tillage systems, and

http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:rafael.lopez@dcaf.uhu.es
dx.doi.org/10.1016/j.agee.2010.03.012
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Table 1
Land management practice and land management history (1969–2007) for eight watersheds at the North Appalachian Experimental Watershed.

Land management practice Management history

Year Agricultural practicea

No-tillage monoculture corn 1969–2007 No-tillage monoculture corn (continuous)

No-tillage rotation corn 1969–1970 Meadow (orchardgrass, Dactylis glomerata L., for hay)
1971–1972 Moldboard plow corn
1973–1975 No-tillage corn
1976–1982 Meadow
1983 Wheat (Triticum aestivum L.)/meadow strips
1984–1993 No-tillage corn-soybean (Glycine max (L.) Merrill)
1994–2004 No-tillage corn-soybean/rye (Secale cereale L.)
2005–2007 No-tillage corn

No-tillage monoculture corn + manure 1969–2007 No-tillage monoculture corn + manure (6–11 Mg beef cattle manure
ha−1 yr−1)(continuous)

Moldboard plow monoculture corn 1969–2007 Moldboard plow monoculture corn (continuous)

Disk rotation corn + manure 1969 Moldboard plow corn
1970–1972 Meadow (orchardgrass for hay)
1973–1974 No-tillage corn
1975–1977 Meadow (orchardgrass for hay)
1978–1982 No-tillage corn
1983 Wheat/meadow strips
1984–1989 Paraplowed corn-soybean
1990 Wheat/meadow strips
1991–2005 Disk soybean-wheat/red clover (Trifolium pratense L.)-corn + manure (5–9 Mg beef

cattle manure ha−1 yr−1)
2006–2007 Disked corn

Chisel rotation corn 1969–1974 No-tillage corn
1975–1977 Meadow (orchardgrass for hay)
1978–1982 Chisel corn
1983 Wheat/meadow strips
1984–1992 Chisel corn-soybean
1993–2005 Chisel soybean/rye-corn
2006–2007 No-tillage corn

Meadow 1969–2007 Meadow (orchardgrass for hay)(continuous)

Forest 1969–2007 Secondary perennial hardwood forest consisting of white (Quercus alba L.) and red oak
(Querc
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a Crops separated by dash and slash mean one crop per season and two crops pe

ertilization treatments have been practiced on watersheds since
938. Treatments have varied with time according to experimental
bjectives and also to reflect the evolution of farming practices in
he region. The agricultural land management practices of the eight
atersheds (0.5–1 ha) selected for the study from 1969 to 2007 are

howed in Table 1. With the mixed agriculture of the region and the
ariable adoption of improved practices, most of these practices
re common. The exception is the moldboard plow monoculture
orn. Corn, wheat, soybean, and rye residues were returned to the

oil. Watershed slopes range from 6% to 23%. Soils are well-drained
ilt-loams developed from shale and sandstone bedrock. Two dom-
nant soil series (and their corresponding taxonomic classification
ccording to U.S. Soil Taxonomy) at the watersheds studied are
erks shaly silt loam (loamy-skeletal, mixed, mesic, Typic Dys-

able 2
oil bulk density mean ± standard error measured in 2007 for eight agricultural land man

Land management practice Soil bulk density (Mg m−3) by

0–10

No-tillage monoculture corn 1.62 ± 0.01
No-tillage rotation corn 1.64 ± 0.02
No-tillage monoculture corn + manure 1.35 ± 0.01
Moldboard plow monoculture corn 1.62 ± 0.05
Disk rotation corn + manure 1.51 ± 0.02
Chisel rotation corn 1.62 ± 0.02
Meadow 1.35 ± 0.01
Forest 1.36 ± 0.04
us rubra L.) and yellow poplars (Liriodendron tulipifera L.)

n, respectively.

trochrepts) and Rayne silt loam (fine loamy, mixed, mesic Typic
Hapludult) (Kelley et al., 1975).

In 1969, Kelley et al. (1975) took three soil core samples in the
top 60- or 76-cm depth (cores were separated into three sections) of
each watershed (upper, middle, and lower position) in 1969. Sam-
pling sites were selected so that the soil characteristics could be
related to land management practices. These samples were ana-
lyzed by the Ohio Agricultural Research and Development Center,
determining SOC by Walkely–Black method (Peech et al., 1947).

In early November 2007, another soil sampling was carried out,
by taking samples in 12 points in each watershed (grid pattern,
covering the upper, middle, and lower watershed position). Sam-
ples were collected at depths 0–10, 10–20, 20–30, and 30–50 cm.
Because 1969 depth intervals were different from 2007, signifi-

agement practices in North Appalachian Experimental Watershed.

depth (cm)

10–20 20–30 30–50

1.74 ± 0.01 1.71 ± 0.02 1.75 ± 0.02
1.70 ± 0.02 1.72 ± 0.03 1.83 ± 0.02
1.66 ± 0.02 1.71 ± 0.03 1.76 ± 0.02
1.67 ± 0.04 1.72 ± 0.03 1.84 ± 0.02
1.66 ± 0.01 1.66 ± 0.02 1.67 ± 0.03
1.68 ± 0.01 1.69 ± 0.02 1.76 ± 0.02
1.52 ± 0.02 1.67 ± 0.03 1.70 ± 0.02
1.50 ± 0.04 1.55 ± 0.04 1.69 ± 0.03
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Table 3
Temporal changes of soil organic carbon (SOC) concentration in four soil layers after 38 year (1969–2007) in North Appalachian Experimental Watershed for eight agricultural
land management practices.

Land management practices Year SOC (g kg−1) at 0–50 cm depth (cm)

0–10 10–20 20–30 30–50

No-tillage monoculture corn 1969 17.33a1 5.67a 3.42a 1.94a
2007 15.52a 6.08a 5.11a 2.60a

No-tillage rotation corn 1969 21.77a 6.35b 3.59a 1.87a
2007 14.92b 9.23a 3.92a 3.07a

No-tillage monoculture corn + manure 1969 26.49b 7.04b 3.81b 1.88b
2007 35.87a 12.55a 6.20a 3.89a

Moldboard monoculture corn 1969 23.13a 6.03b 3.22b 1.57b
2007 12.10b 9.73a 8.67a 3.27a

Disk rotation corn + manure 1969 27.46a 5.80a 2.83a 1.25a
2007 17.17b 8.23a 3.70a 2.81a

Chisel rotation corn 1969 30.75a 6.28b 3.02a 1.30a
2007 13.07b 9.45a 3.47a 2.46a

Meadow 1969 32.52a 8.81a 4.81a 2.41a
2007 20.94b 10.33a 4.11a 2.65a
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for six watersheds of this experiment that there was no difference
in SOC relative to slope position; only under no-tillage continuous
corn + manure did they find an increase in the lower position. Other
studies carried out at the NAEW showed that C losses by erosion,
averaged over 11 yr, in chisel rotation corn and no-tillage rotation
Forest 1969
2007

1 Within land management practice and depth, year means followed by the same

ant SOC depth distribution functions were obtained (Mishra et al.,
009) for 1969 in order to compare both years for the same depth

ntervals. Intact soil cores were also taken for determination of soil
ulk density by the core method (Blake and Hartage, 1986). Soil bulk
ensity was not measured in 1969 (Kelley et al., 1975). Therefore,
oil C stock to determine SOC sequestration for both years was cal-
ulated with the soil bulk density of 2007 (Table 2). No carbonates
ere detected in any samples. Soil organic C concentrations were
etermined by a dry combustion method (Nelson and Sommers,
996) in a Vario Max CN analyzer (Elementar Instrument, Hanau,
ermany). Soil organic C concentration was subjected to analysis
f variance to compare data from 1969 and 2007 for each depth
nd total profile by temporal pseudo-replication model (Hurlbert,
984). Effect of slope position on SOC concentration was analyzed
or each watershed, but there were no significant differences. Anal-
ses of variance were performed using SAS Version 8 program (SAS
nstitute, Cary, NC). Means were compared using Fisher’s protected
east significant difference (LSD) test at P ≤ 0.05.

. Results and discussion

The largest differences in SOC concentrations between the two
ampling times (1969 and 2007) were in the 0–10 cm depth,
lthough some cropping systems showed small differences in SOC
ontent in other depths (Table 3). There was no change in the
OC concentration below 20 cm depth in most treatments, except
or no-tillage monoculture corn + manure, moldboard monoculture
orn, and forest. Total C accumulated by forest and no-tillage mono-
ulture corn + manure was 37.3 and 33.3 Mg ha−1, respectively
Fig. 1). No-tillage monoculture corn and moldboard tillage also
ncreased soil C, but the magnitude was low (3.0 and 3.9 Mg ha−1,
espectively). Soil under other agricultural practices lost SOC, but
his statement was not completely right because there was no sta-
istical analysis for C sequestration, as a result of the same soil
ulk density being used for both years. However, we can state that
onoculture corn and/or no-tillage were the key practices that

aintained the SOC concentration (0–50 cm), although disk rota-

ion corn + manure (Fig. 1) nearly maintained SOC concentrations.
his last treatment nearly maintained the SOC concentration level
ecause manure was applied over 15 years. In fact, most cropping
ystems are maintaining the ecosystem C pool; only manure appli-
6b 6.99b 4.68b 3.02b
0a 10.75a 10.49a 5.06a

r are not significantly different at P < 0.05 according to LSD.

cation increased the SOC pool. Schlesinger (2000) pointed out that
manure application to increase SOC is a contradiction, calling it “The
myth of manure”. Thus, greater levels of SOC in manured fields are
probably associated with inputs of biomass (plant residues) from a
proportionally larger area of off-site lands and a reduction of SOC
in those areas.

An explanation for SOC concentration decrease in the top layer
could be that it is an erosion effect. However, we did not find any
difference within each watershed for SOC concentration between
upper, middle, and lower position. Hao et al. (2002) pointed out
Fig. 1. Temporal changes of soil organic carbon (SOC) concentration and SOC
sequestration in the 0–50 cm soil layer after 38 year (1969–2007) in North
Appalachian Experimental Watershed for eight agricultural land management prac-
tices. Dotted line represents LSD at P < 0.05 for comparison 1969 and 2007 SOC
concentration within agricultural land management practices.
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orn were 21.9 and 18.4 kg ha−1, respectively (Starr et al., 2008).
ccording to Owens et al. (2002), C concentrations on sediment lost

rom watersheds at the NAEW varied little with time, tillage prac-
ice, and weather. Therefore, the SOC decrease in the 0–10 cm layer

ust be more related to tillage system treatments. Moldboard,
hisel, and disk treatments probably promoted a greater mineral-
zation at top layer; but at the same time, increased SOC in the next
ayer due to burial (Table 3). According to Ussiri and Lal (2009), no-
illage increases SOC pool by lower decomposition of corn residues.

oreover, they stated that no-tillage practice reduced soil CO2
missions compared with moldboard plow tillage.

. Conclusions

Most of North Appalachian agriculture is not contributing to
ncrease SOC sequestration. Only monoculture corn and/or no-
illage practices maintained the soil organic C level after 38 year. In
he long-term, it is necessary to identify new strategies of increas-
ng the SOC pool in croplands. More research needs to be done on
election of corn cultivars with a higher production of belowground
iomass and aboveground residues, residues more recalcitrant to
ecomposition, and soil C mineralization inhibition. Another conse-
uence of these results is that removing crop residue for bioenergy
roduction could have a negative effect on soil quality and func-
ioning. Powlson et al. (2008) concluded that using wheat straw as
fuel for generation of electricity instead of fossil fuels had lower
et CO2 emissions. It would be an interesting comparison to use
orn residues for these calculations. Nevertheless, to prevent dete-
ioration of soil properties (Blanco-Canqui et al., 2006), most of
he residues would need to be returned to the soil as long-term
ractices to maintain the SOC pool.
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