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Soil carbon (C) sequestration is a vital 
process in the global C cycle, particularly 
under climate change, and computer mod-
eling of projected C stocks is a key tool for 
mitigation and adaptation planning. Soil 
provides many ecosystem services, including 
a vital role in the global regulation of carbon 
dioxide (CO2) and other greenhouse gases 
(GHG) (Hatfield et al. 2014), and is a key 
soil health indicator (Reeves 1997). Between 
2005 and 2014, the “land sink,” including 
soil and vegetation, sequestered 30% of CO2 
emissions (160 ± 60 Gt C [176 ± 66 billion 
tn]), including fossil fuel burning and land use 
change (Le Quéré et al. 2015). Within the 

Ellen D.v.L. Maas (corresponding author) is a 
graduate teaching assistant at the Carbon Man-
agement and Sequestration Center, School of 
Environment and Natural Resources, The Ohio 
State University, Columbus, Ohio. Rattan Lal 
is the director at the Carbon Management and  
Sequestration Center, School of Environment 
and Natural Resources, The Ohio State Universi-
ty, Columbus, Ohio. Kevin Coleman is a research 
scientist for Rothamsted Research, Harpenden, 
Hertfordshire, United Kingdom. Alvaro Monte-
negro is an assistant professor in the Depart-
ment of Geography, The Ohio State University, 
Columbus, Ohio. Warren A. Dick is a professor at 
the School of Environment and Natural Resourc-
es, The Ohio State University, Columbus, Ohio.

Modeling soil organic carbon in corn (Zea 
mays L.)-based systems in Ohio under 
climate change
E.D.v.L. Maas, R. Lal, K. Coleman, A. Montenegro, and W.A. Dick

Abstract: Soil organic carbon (SOC) is a key indicator of soil quality. Knowledge of the 
effects of land management and climate change on SOC stocks is of vital importance in 
creating future sustainable land use systems. This study presents both the promise and current 
challenges of modeling SOC in mineral soils under climate change. Soils data from two long-
term agricultural research sites in Ohio under no-till (NT) and plow-till (PT) management, 
the RothC soil C model, and climate data from the Canadian Regional Climate Model 
were used to project future SOC content in agricultural soils using low-emissions (LE) and 
high-emissions (HE) climate change scenarios. It was hypothesized that from 2015 to 2070, 
SOC levels in soils under NT management in Ohio will show increasing trends under the 
LE scenario, decreasing trends in NT under the HE scenario, and decreasing trends in PT 
under both scenarios, with lower levels of SOC for both treatments under the HE scenario. 
The results of this study projected total SOC content in the topsoil layers (0 to 25 cm [0 to 
10 in] at Wooster and 0 to 23 cm [0 to 9 in] at Hoytville) to decrease at all sites and under 
all management and climate projections, with the exception of NT at Wooster and Hoytville 
and PT at Wooster under the LE scenario. Starting at 32.4 Mg C ha–1 (14.5 tn C ac–1) in 1962 
at Wooster, by 2070, soil under NT management is projected to have 45.4 and 32.1 Mg C 
ha–1 (20.3 and 14.3 tn C ac–1) for LE and HE scenarios, respectively, while PT management 
starting at 31.5 Mg C ha–1 (14.1 tn C ac–1) would have 29.4 and 21 Mg C ha–1 (13.1 and 9.4 
tn C ac–1) for LE and HE scenarios, respectively. Starting at 65.2 Mg C ha–1 (29.1 tn C ac–1) in 
1963 at Hoytville, by 2070, soil under NT management would have 65.9 and 51 Mg C ha–1 
(29.4 and 22.8 tn C ac–1) for LE and HE scenarios, respectively, and PT starting at 63.5 Mg 
C ha–1 (28.3 tn C ac–1) would have 36.9 and 28.7 Mg C ha–1 (16.5 and 12.8 tn C ac–1) for LE 
and HE scenarios, respectively.
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global land sink, soil to a 1 m (3.3 ft) depth 
contains two to three times the amount of C 
as the atmosphere (Lal 2004a, 2010).

Agricultural practices and land use change 
have caused the loss of an estimated 30 to 40 
Mg C ha–1 (13.4 to 17.8 tn C ac–1) in crop-
lands and 40 to 60 Mg C ha–1 (17.8 to 26.8 
tn C ac–1) in degraded soils since 1850 (Lal 
2004a). Natural land converted to agricul-
tural use can lose up to 50% of its C within 
50 years in temperate-zone climates (Lal 
et al. 2011). Tillage practices that break up 
and invert the soil affect decomposition in 
multiple ways, such as breaking apart aggre-
gates with physically protected soil organic 

C (SOC) and exposing more surface area to 
heat, moisture, and oxygen (O) (Uri 2001).

Temperature and moisture are known to 
facilitate acceleration of decomposition rates. 
Additionally, over the past two decades, it 
has become increasingly clear that climate 
change will increase both temperature and 
precipitation by the end of the century in 
many regions that are currently key to agri-
culture (IPCC 2013; Melillo et al. 2014). On 
a global scale, the likelihood of continuing 
temperature increases is “virtually certain” 
(greater than 99% probability), and of heavy 
precipitation events is “very likely” by the end 
of the century, at least over midlatitude land 
masses and wet tropical regions (IPCC 2013). 
These predictions apply to the Midwest 
region of the United States (Walsh et al. 2014; 
Hatfield et al. 2014), one of the most import-
ant agricultural areas in the world (Hatfield 
et al. 2012), where the combined stresses will 
have adverse effects on agriculture and are 
expected to decrease productivity (Janetos et 
al. 2008; Pryor et al. 2014).

Increases in average precipitation and 
intensity of downpours will also increase the 
likelihood of water erosion. Erosion removes 
the upper layers of soil first, which usually 
contain the highest concentrations of organic 
matter (OM), and therefore SOC, in the soil 
profile (Kaurin et al. 2015). Loss of OM is one 
important process that degrades soil (Hatfield 
at al. 2014). All of these factors affect the 
capacity of soil to sequester and hold SOC 
that, in turn, affects the sustainability of agri-
culture and humanity’s ability to feed itself.

It is imperative that humanity makes rapid 
and decisive changes to address this global 
climate change threat. However, mitigation 
and adaptation methods must be scientifi-
cally informed. Sequestration of SOC has 
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been proposed as one tool to mitigate the 
effects of climate change (Lal 2004a) and was 
an official proposal at the 21st Conference 
of the Parties to the United Nations (UN) 
Framework Convention on Climate Change 
(COP21), known as “4 Per Thousand.” 
Current estimates (Lal 2016) indicate that, 
globally, agriculture has the physical poten-
tial to sequester 62 Mg C ha–1 (27 tn C ac–1) 
over the next 50 to 75 years, with additional 
potential in pasture, forest, degraded, and 
desertified lands. Public policy would be an 
invaluable support in reaching this potential. 
However, considering that the timeframe 
of change of many soil physical properties 
exceeds the typical policy review cycle (one 
to five years in the United States), it is not 
always possible to monitor changes that occur 
because of policy applications (Kibblewhite 
et al. 2016). Monitoring is also expensive 
and time-consuming (Makipaa et al. 2008; 
Jimenez and Ladha 1993). Modeling efforts 
are thus being evaluated as a cost effective 
way to help policymakers make informed 
decisions about land use and management in 
ways that will support climate change miti-
gation efforts, and modeling is a key element 
to those efforts (Paustian et al. 2016).

Jones et al. (2005) simulated global-scale 
soil C dynamics with the Hadley Centre’s 
coupled climate-C cycle general circulation 
model (with a simple single-pool C model) 
and RothC (a more complex multiple-pool 
C model) from 1860 through 2100. Both 
models calculated soil C increases due to 
increased plant C input from CO2 fertiliza-
tion until 2000, when the global stocks of 
C roughly leveled off due to increased plant 
respiration from increasing temperature. 
After 2060, both models projected contin-
ually increasing plant respiration to surpass 
plant C inputs, resulting in a dramatic switch 
of soil as a C sink to a source.

While it is important to understand trends 
at the global scale, local action requires 
knowledge of local trends, and global model-
ing is too general for this purpose. Therefore, 
the next step in this evaluation is to scale 
projections down to the regional level with 
regional climate model data. To date, related 
agricultural studies in the literature con-
ducted for Ohio or surrounding regions in 
the midwestern United States under climate 
change have primarily focused on crop yields 
(Littlefield et al. 1998; Southworth et al. 2002; 
Panagopoulos et al. 2015). Modeling studies 
have evaluated historical trends in C dynam-

ics (Evrendilek and Wali 2001; Dold et al. 
2017) or developed region-predictive models 
(Mishra et al. 2010) without including future 
predictive simulations, or included future pre-
dictive simulations but with global climate 
model data (Pan et al. 2010; Lu and Xiaoliang 
2010; Basche et al. 2016). Evrendilek and Wali 
(2004) projected SOC levels in Ohio under 
increased CO2 and temperature over 100 
years, but the increased values remained con-
stant throughout the simulation and did not 
include changes in precipitation.

The primary objective of this study is to 
project future levels of terrestrial C within 
corn (Zea mays)-based agricultural systems 
in Ohio under both plow-tillage (PT) and 
no-tillage (zero tillage; NT) management, 
and low-emissions (LE) and high-emis-
sions (HE) climate change scenarios (based 
on varying assumptions of future global 
GHG emissions) using predictive monthly 
temperature, precipitation, and open pan 
evaporation data through the year 2070 
produced by a regional level climate model. 
Only when there are better models at a local 
or regional level can scaling up to a larger 
level landscape provide really useful results.

There is a large body of evidence in the 
literature that NT management results in an 
increase in surface (0 to 20 cm [0 to 8 in]) 
SOC under many soil types and climatic 
conditions, though the effectiveness of NT 
management over PT to sequester C has 
been hotly debated (Gregorich et al. 2007; 
Blanco-Canqui and Lal 2008; Hammons 
2009; Powlson et al. 2014; VandenBygaart 
2016). The concerns have been addressed in 
part by two meta-analyses comparing PT to 
NT, where NT was found to sequester sig-
nificantly more C than PT to 30 cm (12 in) 
(Angers and Eriksen-Hamel 2008) and to 
160 cm (63 in) (Mangalassery et al. 2015).

Given that NT sequesters more C than 
PT, that increases in temperature and precip-
itation are factors that can increase the rate 
of decomposition, and that increases in both 
by the end of the century are projected to be 
substantial across the Midwest, the following 
hypotheses were tested in this study:
• From 2015 through 2070, levels of SOC 

in soils under NT management in Ohio 
will show increasing trends under the 
LE scenario, decreasing trends under PT 
management in the LE scenario, and 
trends of depletion in both treatments 
under the HE scenario.

• Also, by 2070, levels of SOC in soils of 

both NT- and PT-managed sites in Ohio 
will be projected to decrease more under 
a HE than a LE climate change scenario.

Materials and Methods
Soil Carbon Model. There is a wide range 
of computer simulation models that includes 
a soil C cycle component, from global cli-
mate models to ecosystem models. Several 
were reviewed for consideration, including 
Rothamsted Carbon (RothC), Estimate 
Carbon in Organic Soils – Sequestration 
and Emissions, Century, DayCent, 
DeNitrification-DeComposition, and 
Environmental Policy Integrated Climate. 
We chose the RothC model, standard ver-
sion (26.3), for its ease of use, easily obtainable 
inputs, usability for most soil types, and high 
counts of published studies that have used 
RothC for a purpose similar to this study, 
which lends credibility to its output. It was 
developed to model the turnover of SOC 
in nonwaterlogged topsoils, and runs on a 
monthly timestep (Coleman and Jenkinson 
2014). A model with a smaller timestep was 
not deemed necessary for this study due to 
the nature of SOC to change slowly over 
time, and the exclusion of N, which would 
require a smaller timestep.

RothC considers the following four active 
C pools with their own first-order decay 
rates (given for 9.25°C [48.7°F]): (1) decom-
posable plant material (DPM) at 10 mo–1, (2) 
resistant plant material (RPM) at 0.3 mo–1, 
(3) microbial biomass (BIO) at 0.66 mo–1, 
and (4) humified organic matter (HUM) at 
0.02 mo–1 (Jones et al. 2005). Each rate is 
modified as a function, F, of monthly mean 
surface air temperature (Ta):

F =
106.06

Ta + 18.27

47.91

( (1 + e

 . (1)

The rate of decomposition is also calcu-
lated from soil clay content, the presence or 
absence of vegetation, and the soil moisture 
deficit (calculated as the difference between 
total monthly precipitation and open pan 
evaporation) (Jones et al. 2005).

Kinetic theory is a useful framework to 
evaluate the response of decomposition to 
temperature change (Conant et al. 2011) and 
how RothC follows these principles. RothC 
accounts for the first component of kinetic 
theory in that the decomposition rate increases 
with an increase in temperature. The second 
component states that the rate of change in 
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decomposition should be the maximum at 
lower temperatures. In RothC, however, the 
rate of change of decomposition rates rises 
until about 26°C (79°F), when the rate of 
change begins to decrease. The third compo-
nent of kinetic theory (and the topic of the 
greatest debate [Conant et al. 2011]) implies 
that decomposition reactions of slow-pool 
OM will increase more proportionally than 
fast-pool OM; in RothC, the same tempera-
ture modifying factor is applied to all pools.

Historical Weather Data. To fit RothC to 
observed SOC levels, weather measurements 
are needed over the course of the agricultural 
experiments for monthly mean air tem-
perature, rainfall, and open pan evaporation. 
Therefore, Annual Climatological Summary 
data were downloaded from the National 
Climatic Data Center for the Wooster and 
Hoytville weather stations corresponding 
with the agricultural plots used for this study 
(Menne et al. 2012a, 2012b). Missing open 
pan evaporation data were calculated using 
Thornthwaite and Mather’s (1955) calcula-
tion for potential evapotranspiration.

Regional Climate Model. Climate predic-
tions can be used in conjunction with the 
RothC model to generate estimates of future 
SOC levels. Ideally, predictive climate data for 
the local proximity of each agricultural exper-
iment site would provide the most relevant 
data for modeling SOC levels at each indi-
vidual site. However, robust point estimates 
of future climate are not available at this high 
level of resolution. Global circulation models 
(GCM) could be helpful, but are too low res-
olution for use at a specific site (Mearns et 
al. 2013). A regional climate model (RCM) is 
the best compromise currently available.

The North American Regional Climate 
Change Assessment Program (NARCCAP) 
provides a suite of RCMs. Each model 
exhibits biases, so the model selected should 
exhibit the least bias within the factors of 
interest over the applicable region, in this 
case temperature and precipitation over 
Ohio. A careful qualitative analysis of graph-
ical output from each RCM was performed, 
comparing the observational climate data 
(limited to 1979 through 2003) from the 
University of Delaware’s Center for Climatic 
Research to the output from each RCM’s 
attempts to reconstruct them. This qualita-
tive analysis consisted of the following four 
categories: (1) winter temperature, (2) win-
ter precipitation, (3) summer temperature, 
and (4) summer precipitation; and three 

spatial scales: (1) national (United States), 
(2) regional (Midwest), and (3) state (Ohio). 
Based on this somewhat subjective analy-
sis, the Canadian Regional Climate Model 
(CRCM) was selected as the best available 
fit. Over Ohio, it replicated winter tempera-
tures ±2°C (±3.6°F), winter precipitation 
from 0% to 50% increases, summer tem-
peratures –2°C (–3.6°F) to +4°C (+7.2°F), 
and summer precipitation from –10% to 
+50% differences (NARCCAP 2016a). 
Furthermore, to produce the future climate 
projection data, each RCM is paired with a 
GCM, which provides data for the boundary 
conditions of each region. The RCM then 
uses higher-resolution data for factors such 
as topography, convective precipitation, and 
local-scale soil moisture to produce the pro-
jections within the given region. The future 
climate data chosen for this study from the 
CRCM were produced as paired with the 
Third Generation Coupled Global Climate 
Model (CGCM3), version 3.1 (NARCCAP. 
2016c; Mearns et al. 2007). This GCM was 
used to produce the emissions scenarios 
for the IPCC’s Fourth Assessment Report 
(ECCC 2016). The climate data projected by 
the CRCM-CGCM3 pairing are among the 
least variable over the Bukovsky regions rele-
vant to this study (Appalachia [Wooster] and 
Great Lakes [Hoytville]) (Bukovsky 2011; 
NARCCAP 2016d).

The original goal of this study was to 
run projections to the year 2100 from the 
regional model with simulations equivalent 
to the IPCC’s global RCP2.6 and RCP8.5 
GHG emissions scenarios. (RCP2.6 rep-
resents a scenario where global temperature 
rise is kept below 2°C [3.6°F] over prein-
dustrial temperatures with an aggressive 
reduction in global annual GHG emissions 
to 0 by 2100, while RCP8.5 represents a 
conversely aggressive rise in GHG emissions 
topping out at just over 100 Gt CO2 y

–1 [110 
billion tn yr–1] by 2100 [IPCC 2014].) Several 
factors prevented this goal. At the time of our 
analysis, only a business-as-usual HE scenario 
was available from the NARCCAP program, 
equivalent to the former IPCC A2 scenario 
(NARCCAP 2016b). The IPCC’s A2 sce-
nario represents slightly lower emissions than 
RCP8.5 (Cubasch et al. 2013). Additionally, 
the date range of future climate data from the 
RCMs was limited to 2038 through 2070.

In lieu of a LE scenario from the 
NARCCAP regional models, a LE scenario 
was simulated using the 31-year average 

temperature, precipitation, and open pan 
evaporation data from the National Oceanic 
and Atmospheric Administration (NOAA) 
observed weather data set from 1985 through 
2015. This represents the best-case (albeit 
unrealistic) scenario of no further climate 
change and serves as a baseline comparison.

Agricultural Sites. Detectable changes in 
SOC only occur over many years, therefore 
only long-term agricultural projects that 
consistently tracked changes in C would 
yield meaningful results. This study utilizes 
data collected from the Triplett-Van Doren 
experimental plots, located near the cities of 
Wooster and Hoytville in Ohio. They have 
been run by the Ohio Agricultural Research 
and Development Center (OARDC) of 
The Ohio State University since 1962 and 
1963, respectively, through 2010. From 2011 
to 2015 they came under the coordina-
tion of the Cropping Systems Coordinated 
Agricultural Project (CSCAP 2016). These 
two sites include the world’s longest-running 
NT research plots to date. The Hoytville site 
has had little change in its treatments since 
inception, and the Wooster site also had little 
change in its treatments through 2006 (Dick 
et al. 2013). Additional details about the site, 
sampling, and analysis not included in this 
paper are available in prior publications (Dick 
et al. 1986a, 1986b, 2013; Kladivko et al. 2014).

The USDA defines Major Land Resource 
Areas (MLRA) to identify regions with sim-
ilar characteristics, such as soil, climate, and 
land use (USDA NRCS 2005). Hoytville 
is included in the 28,370 km2 (10,950 mi2) 
Erie-Huron Lake Plain MLRA, 59% of 
which is cropped, and which includes parts of 
Michigan, Indiana, and Ohio (USDA NRCS 
2006a). The Hoytville site’s soil is classified as 
a silty clay loam and poorly drained with a 
slope of <1% (Dick et al. 1986b). Drainage 
tiles were installed in 1952, which predates 
the experimental period.

Wooster is included in the 27,770 km2 

(10,715 mi2) Lake Erie Glaciated Plateau 
MLRA, 29% of which is cropped, and 
which includes parts of Ohio, Pennsylvania, 
and New York (USDA NRCS 2006b). The 
Wooster site’s soil is classified as a silty loam. 
It is deep, well drained, and moderately 
permeable (Dick et al. 1986a), with a slope 
varying from 2.5% to 4% (Dick 1983) with 
no mention of drainage tiles. Due to exten-
sive erosion in the Wooster PT plots, they 
were releveled with added topsoil in 2006 to 
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equate the elevation of the NT plots, effec-
tively ending the PT trial for this study.

Tillage systems at both sites include NT, 
PT, and minimum tillage. For this study, only 
NT and PT were compared. Tillage and 
crop rotation management has been paral-
lel between the Hoytville and Wooster sites 
and continuously maintained since their 
beginnings, with only minor modifications 
over time. The three crop rotations are (1) 
continuous corn, (2) corn and soybeans 
(Glycine max L.) in a two-year rotation, and 
(3) corn, oat (Avena sativa) or hay, and hay in 
a three-year rotation (Dick et al. 2013). This 
study averaged soil data across all crop rota-
tions each for NT and PT treatment as an 
opportunity to generalize results over some 
of the most common rotations used in the 
Midwest, providing a broader application of 
these results of this study. Both sites are rain-
fed with no irrigation.

Soil data usable for this study were col-
lected about every six to seven years. Samples 
collected during the experiment were taken 
in the fall of the year after harvest. For both 
sites, the baseline year data are from soil 
survey results taken in the proximity of the 
plots, but not directly from the plots. At 
Wooster, the 1962 baseline data set is from a 
site within 250 m (273 yd) away (Dick et al. 
1986a); at Hoytville, the 1963 baseline data 
set was from a soil survey sample within 1 
km (0.6 mi) away (Dick et al. 1986b). This 
presents a problem for SOC modeling, 
which will be discussed later.

Soil samples were taken to varying depths 
in varying increments over the years. The 
data within each treatment in each site were 
therefore averaged to the depth chosen for 
each site. For Wooster (table 1), the depth 
chosen was 0 to 25 cm (0 to 10 in). For 
Hoytville (table 2), the depth chosen was 0 to 
23 cm (0 to 9 in). These depths correspond 
with the complete topsoil layer at each site. 
RothC processing is valid to any depth pro-
vided it is classified as topsoil (normally 15 
to 30 cm [5.9 to 11.8 in]). Since the main 
purpose of this study is to compare the NT 
and PT treatments within each site to each 
other, the small difference in depths between 
sites is not critical.

The following calculations were used, 
where measurements were not made directly:

OC% =
OM%
1.72  

(Combs and Nathan 1998),
and (2)

FD – TOC = Depth(cm)Yx × Bulk DensityYx 
× OCYx% , (3)

where FD-TOC is total organic C to a fixed 
depth and the “Yx” subscript refers to each 
subsequent year sampled, and

ESM – TOC = Depth(cm)Y0 × Bulk 
DensityY0 × OCYx% , (4)

where ESM-TOC is total organic C in 
equivalent soil mass and the “Y0” subscript 
refers to the values from the baseline year. 
The equivalent soil mass equation (ESM-
TOC) was adapted from Lee et al. (2009).

Not all data were collected in each sam-
pling year, so missing data applicable to 
this study were averaged or estimated. Clay 
content measurements varied considerably 
between years within each site and treatment. 
Because this attribute requires timeframes 
longer than the experimental period to 
change significantly, the average percentage 
content was calculated for each site (Wooster 

Table 1
Data collected for the Wooster site. Each value represents either a single sample or an average 
of multiple samples collected in each given year. Plow-till data from 2011 to 2015 were excluded 
from the study due to site changes after 2005. SOC = soil organic carbon; FD-TOC = total 
organic carbon calculated to a fixed depth; ESM-TOC = total organic carbon calculated to an 
equivalent soil mass.

   Bulk
 Depth  density SOC Clay FD-TOC ESM-TOC
Year (cm) Treatment (Mg m–3) (%) (%) (Mg C ha–1) (Mg C ha–1)

1962 25 Baseline 1.25 1.02† 16.5 31.9 31.9
1971 25 No-till 1.39 1.37 — 47.6 42.7
1979 25 No-till 1.39* 1.24 — 43.4 38.8
1980 25 No-till 1.40* 1.21 — 42.1 37.6
1993 25 No-till 1.36 1.30 23.7 44.3 40.5
2003 25 No-till 1.37 1.23 — 42.2 38.2
2005 25 No-till 1.53 1.69‡ 14.8 64.6 52.6
2011 25 No-till 1.46 1.58 — 57.6 49.2
2013 25 No-till 1.43* 1.21 21.8 43.4 37.7
2015 25 No-till 1.37 1.34 — 46.0 41.7
1971 25 Plow-till 1.39 1.24 — 43.0 38.6
1979 25 Plow-till 1.40* 1.05 — 36.6 32.7
1980 25 Plow-till 1.40* 1.03 — 35.9 31.9
1993 25 Plow-till 1.38 0.95 24.8 32.6 29.5
2003 25 Plow-till 1.47 0.93 — 34.2 29.0
2005 25 Plow-till 1.66 1.12‡ 14.2 46.2 34.8
2011§ 25 Plow-till 1.40 1.35 — 47.4 42.1
2013§ 25 Plow-till 1.59* 1.34 20.9 53.2 41.7
2015§ 25 Plow-till 1.41 1.40 — 49.4 43.7
*Indicates missing data for the sample year. Values were estimated by regression.
†SOC (%) calculated as OM (%) ÷ 1.72.
‡TC (%) measured this year. SOC (%) assumed to equal TC (%) due to low pH values (<6.2 pH).
§Data excluded from study due to post-2006 site changes.

= 19.1% and Hoytville = 42.8%) from the 
values that were collected, in order to use a 
consistent value with RothC throughout the 
experimental period. These values are well 
within the described soil textures (USDA 
NRCS 2016) of each site.

SOC percentage was measured each year 
with the exception of 2005 when the total C 
(TC) percentage was measured instead. Due 
to the consistently low pH values measured in 
2005, the SOC percentage was simply set equal 
to the TC percentage (tables 1 and 2). Overall, 
pH values at Wooster ranged from 4.6 to 7.2 
(median 6.1) and 4.6 to 7.3 (median 6.1) at 
NT and PT sites, respectively, and at Hoytville 
from 5.5 to 7.4 (median 6.8) and 6 to 7.2 
(median 6.9) at NT and PT sites, respectively.

Missing bulk density values were esti-
mated. An acceptable pedo-transfer function 
was not available, so existing bulk density 
data collected from each site and treatment 
were plotted and values for the missing years 
were calculated from the trend line equation. 
However, difficulties arose when consider-
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Table 2
Data collected for the Hoytville site. Each value represents either a single sample or an average 
of multiple samples collected in each given year. SOC = soil organic carbon; FD-TOC = total 
organic carbon calculated to a fixed depth; ESM-TOC = total organic carbon calculated to an 
equivalent soil mass.

   Bulk
 Depth  density SOC Clay FD-TOC ESM-TOC
Year (cm) Treatment (Mg m–3) (%) (%) (Mg C ha–1) (Mg C ha–1)

1963 23 Baseline 1.30 3.31† 37.0 99.1 99.1
1978 23 No-till 1.36* 2.31 — 72.0 69.1
1980 23 No-till 1.35* 2.77 — 70.7 67.9
1993 23 No-till 1.35 2.63 48.9 81.5 78.7
1996 23 No-till 1.39 2.32 — 73.9 69.3
2005 23 No-till 1.25 2.44‡ 34.8 69.8 72.8
2011 23 No-till 1.31 1.83 — 55.2 54.8
2013 23 No-till 1.33* 1.76 48.1 53.7 52.6
2015 23 No-till 1.38 2.28 — 72.6 68.2
1978 23 Plow-till 1.27* 1.99 — 57.9 59.4
1980 23 Plow-till 1.27* 2.00 — 58.5 59.7
1993 23 Plow-till 1.36 1.95 50.2 61.1 61.1
1996 23 Plow-till 1.25 1.69 — 48.5 50.5
2005 23 Plow-till 1.42 1.81‡ 36.8 59.0 54.1
2011 23 Plow-till 1.37 1.56 — 49.3 46.6
2013 23 Plow-till 1.39* 1.56 49.5 49.8 46.7
2015 23 Plow-till 1.38 1.66 — 52.5 49.5
*Indicates missing data for the sample year. Values were estimated by regression.
†SOC (%) calculated as OM (%) ÷ 1.72.
‡TC (%) measured this year. SOC (%) assumed to equal TC (%) due to low pH values (≤6.5 pH).

ing the anomalies noted earlier in this paper 
regarding the initial soil samples in the starting 
years, as well as the site adjustment to the PT 
plots at Wooster in 2006. Therefore, the trend 
line equations chosen for the bulk density esti-
mates were taken from those that represented 
just the data taken from the sites during the 
experimental period, excluding post-2006 
data for the PT site at Wooster (see figure 1 
for Wooster and figure 2 for Hoytville), and 
baseline year data at both sites.

As evident in tables 1 and 2 and figures 1 
and 2, the bulk densities increased over time 
for PT treatments at both sites and for NT at 
Wooster. This can present a problem in calcu-
lating TOC, as the total mass of soil sampled 
over time increases as compaction occurs 
(Lee et al. 2009). To account for this change, 
the equivalent soil mass was calculated.

Modeling Run Setup. The modeling run 
for this study with RothC involves three steps: 
(1) establishing actual or average observed 
historical values, (2) a best-fit run to align 
the model with the observed values, and (3) 
a projection run to model future estimates. It 
is essential to fit the model to observed his-
torical measurements first to ensure that the 
model is mimicking the site-specific param-

eters correctly. Once the model can closely 
reproduce the observational data, then it can 
be run forward with expected future values 
on the various parameters, such as C input 
quantities and weather data.

Note that the C inputs to RothC are not 
plant-specific, but rather are generic quantities 
that are adjustable in order to fit the model 
to the observed data. Calculating changes in 
C inputs over time is complicated by biomass 
increases due to management factors such 
as changing cultivars to improved varieties, 
which occurred occasionally over the experi-
mental period, and decreasing row spacing for 
corn and soybeans, which occurred in 1972 
(Dick et al. 1986a, 1986b). It is reasonable 
to expect that these variables may change in 
the future as well, but this study assumes they 
remain as-is from 2015 forward.

RothC calculates TOC in two phases: 
equilibrium and short term. For the model to 
arrive at the TOC content at equilibrium most 
accurately, the following information should be 
known, or estimated as accurately as possible:
• date of land use change when the site was 

originally converted from a natural eco-
system (and was assumed to be at a state 
of SOC equilibrium);

• type of the natural ecosystem (such as 
forest or grassland); and

• measured TOC content of the natural 
ecosystem before land use change.

The short-term calculation phase adjusts the 
TOC based on subsequent management and 
climate changes.

Because the information noted above for 
the equilibrium phase was unknown for 
either site, an estimate was made based on 
the given data and local knowledge about 
the sites. At Wooster, it was noted that the 
land was maintained as a grassland for six 
years prior to the beginning of the experi-
mental period (Dick et al. 1986a). Therefore, 
it was assumed that the site was forest until 
1956, grassland until 1961, then converted 
to cultivation in 1962. At Hoytville, Dick 
et al. (1986b) note the site was cropped for 
six years prior to the experimental period. 
However, they also noted that drainage tiles 
were installed in 1952, implying the site had 
been under cultivation for some time prior 
to that. Also, given the very high initial SOC 
percentage in 1963, and communication 
from Glover Triplett (one of the founding 
scientists for the agricultural experiment) 
indicating that the original ecosystem for 
this site was forest (personal communication, 
October 17, 2016), it was assumed this survey 
sample was taken from a forest site and rep-
resents the initial SOC level at equilibrium 
at this site. This 1963 sample was collected 
within 1 km (0.6 mi) of the research plots. 
The soil at the Hoytville site is within a level 
and broad lake plain area in northwest Ohio. 
Therefore, little change over distances such as 
1 km would be expected. Because the TOC 
levels during the experimental period were 
considerably lower than this initial measure-
ment, it was assumed that the land had been 
under cultivation for some time. Therefore, 
several scenarios with different original land 
conversion dates were run to find the best 
fit with the data: 1868, 1915, and 1940. Of 
the three, 1915 provided the most plausible 
reproduction of the experimental period 
and was used as the date to equilibrium and 
initial land use change. It was also assumed 
that conventional PT cropping was practiced 
from land conversion until the experimental 
period began in 1963.

For the best-fit runs at Wooster, average 
weather (NOAA data set, averaged from 1948 
to 1961) was used through equilibrium in 
1956. From 1956 through 1961, actual NOAA 
weather and grassland management were used. 
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Figure 1
Wooster bulk density and soil organic carbon (C) contents over time in (a) no-tillage plots (to 
25 cm) and (b) plow-tillage plots (to 25 cm). Dashed lines follow the full set of recorded data 
from experiment initiation, including initial measurements taken off-site. Solid lines only follow 
data actually collected from the site, excluding post-2006 samples at the plow-tillage site after 
field leveling. Round and square data points indicate bulk density and organic C, respectively. 
Starred (*) points represent bulk density values calculated from the bulk density trend line.
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From 1962 through 2015, actual NOAA 
weather and average land management for cul-
tivation (NT or PT) were used. At Hoytville, 
average weather (NOAA data set, averaged 
from 1953 to 1962) was used through equi-
librium at 1915. From 1915 to 1953, average 
weather (1953 to 1962) and average land man-
agement for PT cultivation were used. From 
1953 through 1962, actual weather and average 
PT cultivation were used. From 1963 through 
2015, actual weather and average land manage-
ment (NT or PT) were used.

For the LE projection runs, the same 
data were used as the best-fit runs (above) 
through 2015, then NOAA weather data 
averaged from 1985 through 2015 were used 
for the projection from 2016 through 2070.

For the HE projection runs, the same data 
were used as the best-fit runs through 1968. 
From 1969 through 2000, the CRCM his-
torical reproduction weather data were used. 
From 2000 through 2037, the average weather 
from the combined CRCM historical and 
future data sets were used to fill in the gap 
until the CRCM future predictive weather 
data could be used from 2038 through 2070.

Results and Discussion
As noted earlier, there have been a growing 
number of authors in recent years who have 
pointed out limitations to assigning NT as 
a universal panacea to mitigate climate 
change through the removal of atmo-
spheric CO2 into long-term storage in the 
soil (Gregorich et al. 2007; Blanco-Canqui 

and Lal 2008; Hammons 2009; Powlson et 
al. 2014; VandenBygaart 2016). Four reasons 
include (1) the stratification of SOC in the 
profile of NT soils and its concentration at 
the surface to 20 cm (8 in) relative to PT 
soils (Powlson et al. 2014), with the implica-
tion that SOC is merely redistributed, rather 
than accumulated, over time; (2) climatic 
limitations, such as the cool, moist region of 
eastern Canada (Gregorich et al. 2007); (3) 
the definition of “no-till” itself, which can 
include occasional tillage (VandenBygaart 
2016); and (4) a high spatial variability at the 
farm scale (Blanco-Canqui and Lal 2008). 
These concerns are specifically addressed in 
this study as follows: (1) there is evidence of 
SOC stratification under NT at both sites in 
this study, but total SOC content in the full 
topsoil layer did increase over time in some 
situations; (2) the research sites are in a tem-
perate-zone climate, which indicates good 
potential for SOC sequestration (Lal 2004b); 
(3) the NT sites in this study were never 
tilled from initiation; and (4) while spatial 
variability remains a concern, the temporal 
scale provides a means to prove the differ-
ences between treatments over time.

Observed Values. Tables 1 and 2 and fig-
ures 1 through 3 document and illustrate 
considerable variability in measurements over 
the years, particularly in post-2000 samples. 
In such long-term studies that span many 
years and include various people involved 
in collecting and analyzing samples, varia-
tion such as reported here is not surprising. 
There are many avenues of variability possible. 
Differences in procedures as seemingly minor 
as how the surface residue was scraped off 
can affect the OC measurement. Also, sam-
ples were taken to different depths in different 
years. Stratification of OC and extrapolation 
calculations can add variability to the results.

At both sites, soil under NT showed 
higher TOC than that under PT (figure 3). 
This corresponds with earlier results pub-
lished for these same two sites, which found 
significantly higher levels of TOC under NT 
as compared to PT, as well as stratification 
(Dick et al. 1986a, 1986b, 1991). Considering 
the large body of evidence in the literature 
that NT methods usually result in higher 
TOC than PT in the top 20 cm (8 in) of 
soil, and that PT methods usually result in 
TOC declines, the corroborative evidence 
in this study is no surprise. However, that 
TOC at all sites and treatments in this study 
are trending downward (figure 3) with the 
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Figure 2
Hoytville bulk density and soil organic carbon (C) contents over time in (a) no-tillage plots (to 23 cm) 
and (b) plow-tillage plots (to 23 cm). Dashed lines follow the full set of recorded data from experi-
ment initiation, including initial measurements taken off-site. Solid lines only follow data actually 
collected from the site. Round and square data points indicate bulk density and organic C, respec-
tively. Starred (*) points represent bulk density values calculated from the bulk density trend line.
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exception of NT at Wooster is a surprise. 
Given the relatively level slope of Hoytville 
(<1% grade), its losses cannot be attributed 
to erosion, which could have been a factor 
at Wooster (2.5% to 4% slope gradient), yet 
does not appear to be a significant factor in 
the NT treatment there.

Hoytville is virtually level with a high clay 
content and Wooster has a slope with low 
clay content. It was expected that Hoytville 
NT would be increasing in TOC, while PT 
decreased. Due to the slope and low clay con-
tent at Wooster, it was expected that TOC in 
NT would decrease or hold steady and PT 
would decrease. These expectations held true 
for Wooster, but not for Hoytville. Clay affects 
both the water holding capacity (Williams 
et al. 1983; Saxton and Rawls 2006) and 
the proportion of CO2 evolved to biomass 
and humus formed (Jenkinson et al. 1987; 
Coleman and Jenkinson 2014). In general, 

soils with higher clay build up slightly more 
SOC than those with lower clay, and this 
could explain the overall difference in TOC 
content between the sites. However, soils with 
higher clay hold more water than those with 
lower clay, which combined with the effects 
of cultivation management could result in 
increased decomposition rates of OM and 
decreasing rates of TOC at Hoytville.

An additional factor may lie in the cli-
mate trends over each site. Figure 4 illustrates 
observed (NOAA) climate changes of a 
1.1°C (2°F) increase in average annual tem-
perature and 27 cm (10.6 in) increase in 
total annual precipitation at Wooster and a 
0.75°C (1.35°F) increase in average annual 
temperature and 11.2 cm (4.4 in) increase in 
total annual precipitation at Hoytville over 
the duration of their respective experimental 
periods. Given that increases in temperature 
and precipitation can increase rates of SOC 

decomposition (Kirschbaum 1995; Cook and 
Orchard 2008), this could account for some 
of the overall reductions, or for such mod-
est increases, in TOC at each site, although 
the effect of temperature on the rate of OM 
decomposition is a subject of ongoing debate 
(Conant et al. 2011).

Best-Fit and Projection Runs. The left 
sides of figures 5 and 6 provide the results 
of the historical reconstruction (best-fit) runs 
through 2015 against the considerable scatter 
of data points at both sites. The two model 
runs for this study have a variable degree of 
correlation with the observed data. While the 
Hoytville runs show a statistically significant 
correlation, the Wooster runs do not (fig-
ure 7). However, the RothC model results 
reflect the expectation that SOC changes 
slowly over time. The observed measure-
ments may not be a realistic progression of 
how C changes in soil, such as about a 14 Mg 
C ha–1 (6.24 tn C ac–1) gain and subsequent 
loss within the span of a few years (for exam-
ple, see table 1, years 2003 to 2005 and 2011 
to 2013). RothC will not reflect the high 
variability apparent in the data collection, 
resulting in a diminished statistical correla-
tion, but it does capture the overall trend.

The ideal starting point for RothC to cal-
culate SOC changes in soil is from the point 
of land use change, such as from native grass-
land or forest to cultivated field. The model 
starts its process by calculating the build-up 
of C levels for the prior 10,000 years lead-
ing up to levels measured at the experiment 
initiation, at which point it assumes the C 
levels are at equilibrium, and entered into the 
model as monthly input of plant residues in 
megagrams of C per hectare (Coleman and 
Jenkinson 2014). Once the modeling run 
begins, C input levels are entered for each 
year based either on cropping and yield data, 
or simply adjusted to best match the TOC 
measured during the experiment (the latter 
method was used in this study).

As explained earlier, the actual dates of 
conversion of the Wooster and Hoytville 
sites from natural ecosystem to agriculture 
were estimated. Since the dates of the initial 
soil samples were set internally in RothC to 
1956 and 1915 for Wooster and Hoytville, 
respectively, the TOC levels that RothC 
arrived at by each experimental period (table 
3) serve as proxy starting TOC levels for the 
analysis for this study.

Also explained earlier, the model uses 
NOAA averaged or observed climate data 
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Figure 3
Observed total organic carbon (C) content (corrected to equivalent soil mass) for data actually collected 
from (a) the Wooster site (3,115 Mg ha–1 at approximately 25 cm depth) and (b) the Hoytville site (2,990 
Mg ha–1 at approximately 23 cm depth), with trend lines (solid and dashed representing no-till and plow-
till, respectively). Wooster plow-till data excludes post-2006 samples at the site after field leveling.

C 
co

nt
en

t (
M

g 
C 

ha
–1

)
C 

co
nt

en
t (

M
g 

C 
ha

–1
)

(a)

(b)

100

80

60

40

20

100

80

60

40

20

 1970 1980 1990 2000 2010

 1970 1980 1990 2000 2010

Year

Year

Legend
No-till Plow-till

through 1967, then output from the CRCM 
historical reconstruction 1968 through 2000. 
A distinct divergence occurs from 1968 in 
both sites and treatments with the CRCM 
model indicating drops in TOC levels from 
1968 almost continuously through 2070, 
resulting in about 29% less TOC at Wooster 
between the LE and HE scenarios for both 
treatments, and about 22% less TOC at 
Hoytville between the scenarios for both 
treatments. The initial drop in TOC levels 
may be explained by the differences in pre-
cipitation between the CRCM and NOAA 
data. Figure 4 compares the temperature and 
precipitation over each site by the CRCM 
model versus NOAA observed values. The 
CRCM simulates lower temperatures as com-
pared to NOAA values, which would indicate 
a lower rate of decomposition, though both 
trend upwards. Precipitation simulated by the 
CRCM is substantially different, however, 
starting in 1968 with 130.4 cm (51.3 in) total 

precipitation compared to 87.2 cm (34.3 in) 
total reported by NOAA and trending slightly 
downward. With a linear relationship between 
soil respiration (and therefore OM decom-
position) and soil water content (Cook and 
Orchard 2008), moisture plays a significant 
role in the decomposition of SOC.

The right sides of figures 5 and 6 show the 
results of the projection runs. Table 3 shows 
that three tests resulted in TOC increases over 
the projection period (2015 through 2070): 
(1) Wooster NT under LE, (2) Wooster PT 
under LE, and (3) Hoytville NT under LE. 
Because Wooster NT was trending gen-
tly upwards prior to the future projection, 
this increase was expected. However, the 
increase for Wooster PT was not expected. 
All remaining treatment and scenario com-
binations resulted in TOC decreases, as 
expected. However, these results are based 
on the total increases or decreases over the 
total projection period. These increases only 

hold through 2050. From 2050 through 
2070, both treatments at both sites—with 
the exception of NT at Wooster under LE—
show a decreasing trend in TOC (table 3).

The LE scenario assumes climate change 
halts at the 1985 to 2015 average, so the 
modest gains (or minimal loss) indicated in 
figures 5 and 6 are unlikely. The results of the 
HE scenario are most likely influenced by 
the heavy precipitation increases predicted 
by the CRCM model in both summer 
and winter, as well as increases in tempera-
ture (figure 4). After the CRCM projected 
weather data begins in 2038, the Wooster site 
begins to show a small climate signal from 
2050 to 2070 with hints of the drop in TOC 
projected by Jones et al. (2005) using RothC 
and the HadCM3 GCM.

The scenarios as constructed in this 
study have some attributes that are unreal-
istic, but both are legitimate for the purpose 
they serve, which is to delineate the most 
likely upper and lower bounds on the trend 
of SOC accumulation/loss over time. For 
example, LE represents a best-case scenario 
(“What if climate change stopped at the cur-
rent 31-year average?”). Though unrealistic, 
it serves as a projected baseline to compare to 
HE, which represents the worst-case scenario 
(“What if emissions continue to increase?”), 
which is actually not at all unrealistic (IPCC 
2013). But the regional climate model cho-
sen (in fact, all in the NARCCAP project) 
also has a higher temperature and precipita-
tion bias over observed values for this specific 
region, which exaggerates the already worst-
case scenario, but therefore serves its purpose 
as a lower bound.

Mearns et al. (2013) explain the status of 
RCM consistency and reliability as follows. 
All RCMs show biases. In general, GCM 
and RCM precipitation projections for the 
winter season over the eastern portion of the 
Midwest, including Ohio, are in agreement. 
However, there is no agreement between 
GCM and RCM projections of summer pre-
cipitation over the Midwest as a whole. The 
Great Lakes region presents a particular chal-
lenge for RCMs, due to issues representing 
the lakes, or to errors related to the setup of 
the lake models (Mearns et al. 2013).

Although higher precipitation amounts 
are projected into the future by the CRCM 
model for Ohio, GCMs are projecting that 
much of this precipitation increase will occur 
in heavier events (Melillo et al. 2014; Collins 
et al. 2013). A result could be drier soils over-
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Figure 4
Trends in temperature and precipitation over (a) Wooster and (b) Hoytville for weather data 
used to build the low-emissions (observed data) and high-emissions (modeled data) scenarios. 
Red lines (lower three in each graph) are annual mean temperature. Blue lines (upper three in 
each graph) are annual total precipitation. Solid lines are from observed (NOAA) values over the 
duration of the respective experimental periods. Dashed lines are modeled (CRCM historical 
reproduction) values from 1968 to 2000. Dash-dot lines are modeled (CRCM future projection) 
values from 2038 to 2070.
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all in the top 10 cm (4 in) between these 
heavy events (Collins et al. 2013). Periods of 
higher temperatures and less soil moisture 
would indicate a slowing effect on decom-
position rates, and this might well be the case 
in soil under natural ecosystems. However, in 
soils of agroecosystems, crops may need more 
water to survive than natural vegetation. If 
drier periods in summer would lead to irri-
gation additions, resulting in even higher 
moisture inputs over the course of the year, 
this could accelerate decomposition further. 
Additional irrigation can be accounted for in 
the input files to RothC. However, RothC 
runs on a monthly timestep and, therefore, 
only calculates decomposition based on 
total moisture input for the month and can-
not capture daily fluctuations. Continued 
research into methods that can cool the soil 
surface, increase water infiltration rates, and 
strengthen aggregate stability such as mulch-
ing and cover crops (Hobbs et al. 2008; Lal 
2016) are and will be needed. Modeling stud-

ies of these methods will also be particularly 
necessary to predict their future effectiveness 
under a changing climate.

Elevated CO2 (eCO2) concentration in the 
atmosphere is an additional factor that is not 
accounted for in this study, due to the uncer-
tainty of the effects at present. There is substantial 
evidence that eCO2 results in increased yield 
and both above- and belowground biomass 
in most crops (Dijkstra and Morgan 2012), 
although this effect appears to vary in maize, 
showing increases in studies in China and 
India (Xie et al. 2015; Abebe et al. 2016), and 
no response in maize in Illinois unless under 
drought stress (Leakey et al. 2006; Dijkstra 
and Morgan 2012; Attavanich and McCarl 
2014). Another study found increased biomass 
response in maize under drought stress, but only 
where there was a sufficient supply of nitro-
gen (N) (Zong and Shangguan 2014). Several 
recent studies report a decrease in SOC due to 
a higher rate of decomposition as a response 
to eCO2 (Moran and Jastrow 2010; Cheng 

et al. 2012; Pereira et al. 2013; van Groenigen 
et al. 2014). Explanations include increased 
labile substrate availability (the priming effect) 
and changes in microbial composition lead-
ing to increased microbial utilization of soil 
C (Carney et al. 2007). Despite increases in C 
inputs due to stimulated plant growth at eCO2, 
both plant-based and microbial responses may 
more than counter it, resulting in overall losses 
of SOC (van Groenigen et al. 2014). It has 
been also reported that additions of N over 
natural rates of atmospheric inputs are required 
in order to affect C sequestration under eCO2 
(van Groenigen et al. 2006), and this is com-
mon in corn-based agricultural systems in the 
United States. Finally, recent studies (Hopkins 
et al. 2014; Osanai et al. 2015) have found the 
combined effects of eCO2 and increased tem-
perature on the rate of decomposition to be 
greater than under either effect alone. In sum-
mary, eCO2 effects were not factored into the 
results, but increased growth could impact how 
C is processed and stored in soil. One possible 
result of eCO2 is the accumulation of SOC, 
and another is soil becoming a C source in the 
future, rather than a sink (Carney et al. 2007).

Summary and Conclusions
With climate change threatening to be a 
substantial challenge to future soil health, this 
study sought to determine how SOC levels 
will respond to climate change. We observe 
and conclude the following:
• From 2015 through 2070, SOC content 

in the full topsoil layers is projected to 
decrease under all sites and manage-
ment in this study with the exception of 
NT at Wooster and Hoytville and PT at 
Wooster under the LE scenario, and final 
SOC content is projected to be lower 
under a HE than a LE scenario.

• Additionally, all sites and treatments, with 
the exception of NT at Wooster under LE, 
show decreasing trends of SOC over the 
second half of the projection period (2050 
to 2070), which is in general agreement 
with projections by Jones et al. (2005).

• We feel with reasonable confidence that 
the upper limit of SOC content predicted 
by the LE scenario will not be exceeded 
given the parameters of this study, and 
most likely not even attained due to the 
high certainty by climate scientists that 
the effects of climate change will continue 
over the time period in this study, though 
the effects of eCO2 remain uncertain.
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Figure 5
Results of modeling runs for Wooster (a) no-till and (b) plow-till sites under low- and high- 
emissions scenarios (upper and lower lines in each graph, respectively) comparing modeled 
total organic carbon (TOC) to observed TOC, corrected to equivalent soil mass (ESM), which 
equates to approximately 25 cm depth at this site. The dashed vertical line divides the graph 
into historical reconstruction (best-fit) and projection periods.
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• The accuracy of the lower limit predicted 
by the HE scenario is suspect due to the 
evident inability of the CRCM to rep-
licate historical climate conditions local 
to the two sites, and so we believe this 
prediction to be too low. Therefore, we 
expect with reasonable confidence that 
the actual future levels of SOC will fall 
within the range bounded by the LE and 
HE predicted levels.

• Although there is some uncertainty inte-
grated into the results of this study, observed 
values are already indicating downward 
trends in SOC in recent years, many of 
which are among the warmest on record 
globally (Cole and McCarthy 2015) and 
under increases in local precipitation trends.

• Extrapolation from this study suggests 
that some current farming practices, on 
soils and in climates similar to those at 

the Wooster and Hoytville sites, may not 
be able to be sustained in the long term 
under climate change. Combined, these 
sites are representative of around 24,000 
km2 (around 9,000 mi2) of cropped agri-
cultural land in the United States across 
the northern regions of the Midwest and 
into the Northeast.

• For more effective future modeling 
including climate change, regional models 
should (1) provide projections that match 
IPCC LE and HE scenarios through 
2100, (2) improve precipitation projec-
tions, and (3) provide continuous data 
from historical reconstructions through 
future projections. Additionally, SOC 
models should incorporate the effects of 
eCO2 with increases both of plant-based 
C inputs and its decomposition.
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Figure 7
Correlation diagrams between observed (equivalent soil mass; tables 1 and 2) and modeled total organic carbon (TOC) (table 3) for (a) Wooster no-
till, (b) Wooster plow-till, (c) Hoytville no-till, and (d) Hoytville plow-till sites, for the best-fit model runs corresponding to the low-emissions  
scenarios through 2015. Wooster plow-till diagram only includes data through 2005.
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Table 3
Selected total organic carbon (C) levels generated by the RothC model under low-emissions (LE) and high-emissions (HE) scenarios for no-till (NT) 
and plow-till (PT) treatments at both agricultural sites, including the calculated difference in modeled C levels over the projection period (2015 
to 2070) and over the last two decades (2050 to 2070). For clarity to compare data to tables 1 and 2, data were omitted (with dashes) in the years 
during the experimental period (1962 to 2015) that do not correspond to years that physical samples were taken at each site.
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  Wooster modeled C Hoytville modeled C Wooster modeled C Hoytville modeled C
  (Mg C ha–1)  (Mg C ha–1)  (Mg C ha–1)  (Mg C ha–1)
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1979 38.5 30.9 — — 35.1 28.7 — —
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2005 41.3 30.4 72.8 52.1 34.9 26.1 61.7 45.5
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