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A B S T R A C T

Studies suggest that intensively tilled soils have lost 25–75% of their original soil organic C (SOC) content. No
tillage (NT) can restore SOC in response to increased C inputs and reduced soil disturbance. Organic amend-
ments provide faster recovery of SOC, ultimately promoting the saturation of soil layers. Here we present evi-
dence of additional SOC accrual through translocation of SOC after saturation of the topsoil layer in a NT soil.
Both processes were observed in a long-term (25 yr.) experiment comparing soil tillage systems (chisel tillage −
CT, and NT) in central Kansas. Plots with continuous corn were amended with mineral (MF) and organic N (OF),
in addition to a control treatment without N fertilization (CO). Accumulation of SOC was limited to the surface
layer (0–5 cm) of the NT soil amended with MF. Organic fertilization increased SOC in the 0–5 cm soil layer from
9.5Mg C ha−1 to a level of 16.2 and 30.2Mg C ha−1 in CT and NT, respectively. Further analysis confirmed the
saturation of physically protected SOC in the surface of NT soil under organic amendments. After saturation,
significant SOC accrual (1.3 Mg C ha−1 yr−1) was observed in the 5–15 cm soil layer. Isotopic assessment
confirmed the occurrence of SOC translocation between saturated and C-depleted NT soil layers. No evidence of
SOC translocation was observed between non-saturated soil layers. Further research is needed to elucidate the
mechanisms regulating this process. Nonetheless, SOC translocation and subsequent SOC accrual suggests a
greater C sink potential for NT soils than previously thought.

1. Introduction

Soil organic matter (1550 Pg C up to 1m depth) contains about
twice as much C as the earth’s atmosphere (780 Pg C) and up to three
times more C than vegetation (500–650 Pg C) (Smith et al., 2008).
Agricultural systems can affect the C exchange between these pools and
be an atmospheric C source or sink depending on soil management.
Intensively tilled soils have lost up to 75% of SOC prior to cultivation
(Lal, 2010; Sanderman et al., 2017). Conservation agriculture (CA), as
defined as minimal soil disturbance, permanent soil cover and crop
rotations, is a major global initiative to recover SOC and soil quality
(Jat et al., 2014; Lal, 2016; Minasny et al., 2017). No-tillage (NT)
provides minimum soil disturbance and is considered the key compo-
nent of CA. Nonetheless, NT soils are considered a finite biological C
sink with limited capacity for SOC storage for 20–50 years (Powlson
et al., 2014; West and Post, 2002).

Soil organic C accumulation in agricultural soils is achieved by in-
creasing C inputs and decreasing SOC losses with minimum soil dis-
turbance, thus promoting the stabilization of newly added C (Fabrizzi
et al., 2009; Stewart et al., 2008). The traditional understanding of SOC
stabilization includes biochemical recalcitrance, organo-mineral inter-
action and bio-physical protection as the main mechanisms regulating
SOC turnover (Christensen, 1996; Lehmann and Kleber, 2015; Lützow
et al., 2006; Sollins et al., 1996). However, the recently proposed soil
continuum model suggests that long-term SOC stabilization depends
mostly on the multilayered adsorption of organic molecules on soil
mineral surfaces, as organo-mineral interactions increases with the
continued degradation of organic residues and closer contact with mi-
neral surfaces (Kleber et al., 2007; Lehmann and Kleber, 2015; Lützow
et al., 2006). Thus, although biochemical composition and N content
play a crucial role on the initial decomposition of crop and organic
residues (Grave et al., 2015; Schmatz et al., 2017), no evidence has
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been found regarding their influence on long-term SOC stabilization
(Lehmann and Kleber, 2015). Moreover, the model highlights the
composition of soil microbial communities, their energy requirements
and availability of resources, such as oxygen and nutrients, as a key
manageable factors regulating SOC turnover (Lehmann and Kleber,
2015). This proposition suggests soil aggregation as a management-
sensitive factor controlling SOC stabilization in temperate soils, corro-
borating previous studies where SOC accumulation was associated with
increased amounts of large soil macroaggregates (> 2000 μm) as a re-
sult of minimum soil disturbance, increased C inputs and microbial
biomass (Chung et al., 2008; Fabrizzi et al., 2009; Mikha and Rice,
2004; Six et al., 2004, 2002).

Studies have shown that increasing C inputs promotes a linear in-
crease of SOC in C-depleted soils since soil aggregates and mineral
surfaces that are less saturated with SOC are able to retain the newly
added C (Carter et al., 2003; Hassink, 1997; Six et al., 2002). As SOC
increases, however, soil aggregates and mineral surfaces lose efficiency
in protecting SOC from microbial activity, thus limiting the soil’s ca-
pacity to accumulate C (i.e., saturation) (Six et al., 2002, 2000, Stewart
et al., 2008, 2007). When SOC is close to saturation, additional C inputs
promote an asymptotic response to equilibrium (Six et al., 2002;
Stewart et al., 2007) and only unprotected and therefore management
sensitive SOC pools would accumulate (Gulde et al., 2008; Six et al.,
2002). Thus, saturation would delineate the effective SOC stabilization
capacity, thus limiting SOC accrual especially in those forms protected
by soil aggregates and mineral surfaces (Six et al., 2002; Stewart et al.,
2007).

West and Post (2002) reported that 85 and 15% of SOC accrual
observed in NT soils occurred in the 0–7 and 7–15 cm layers, respec-
tively, while no changes in SOC were noticed below 15 cm depth re-
gardless of crop systems. This process is attributed to continuous and
direct C input (stover and roots) to the soil surface layer and the lack of
soil disturbance decreasing SOC mineralization (Bayer et al., 2006b;
Corbeels et al., 2016; de et al., 2001; de Oliveira Ferreira et al., 2013;
Santos et al., 2011). Major C sources for underlying soil layers in NT
soils are the direct C input by crop roots (Santos et al., 2011), leaching
of soluble C (Neff and Asner, 2001), and movement of SOC in the soil
profile by bioturbation (Gabet et al., 2003; Jiménez and Lal, 2006;
White and Rice, 2009). But, because these processes generally do not
yield significant SOC accumulation (de Oliveira Ferreira et al., 2013) or
may not suffice to maintain original SOC in subsoil layers of NT soils
(Dimassi et al., 2014), it is possible that the saturation of the surface
horizon could ultimately limit the potential of NT soil as a significant C
sink (Stewart et al., 2008, 2007). However, if larger amounts of un-
protected SOC pools were translocated and stabilized in underlying soil
layers it would increase the capacity of NT soil to accumulate C.
Translocation of SOC is a normal pedogenesis process, especially in
Spodosols (Soil Survey Staff, 1999), but is also important in other soil
orders (Andisols, Inceptisols, Entisols, Oxisols) under natural ecosys-
tems (Fujii et al., 2011). Soluble C from organic horizons represents an
important source of subsoil SOC (from 11 to 75% of total C input) to
mineral horizons in boreal and temperate forests (Kleja et al., 2008;
Zech et al., 1996). Nonetheless, bioturbation may also redistribute SOC
over short vertical distances (< 5 cm) (Tonneijck and Jongmans, 2008).

Hypothetically, an analogous process could be expected when
agricultural soils reach saturation and translocation of SOC from satu-
rated surface soil layers would promote SOC accumulation in under-
lying layers. We assessed a long-term (25 yr.) experiment in a Mollisol
from central Kansas (USA) including tillage systems and N sources to
investigate this hypothesis. This experimental site has a unique dataset
with high temporal and sampling depth resolution. Previous assessment
revealed that SOC in the 0–5 cm layer of NT plots increased asympto-
tically in response C inputs from organic amendments, thus suggesting
SOC saturation (Nicoloso et al., 2016). For the present study, we as-
sessed temporal changes in SOC and total nitrogen (TN) in stratified
0–5, 5–15, and 15–30 cm soil layers, SOC within aggregates, and soil

13C and 15N isotopic signatures.

2. Material and methods

This study was based on a long-term experiment established at the
North Farm of Kansas State University in Manhattan, KS (39° 12′ 42”N,
96° 35′ 39”W). The local annual mean precipitation and potential
evapotranspiration were 800 and 1300mm, respectively, with annual
mean temperature of 11.4 °C. The soil was a moderately well-drained
Kennebec silt loam (fine-silty, mixed, superactive mesic Cumulic
Hapludoll). Basic soil properties of the areas used in this study are
presented in Table 1 (Fabrizzi et al., 2009). Prior to establishment of the
experiment the area was used for small grain production (wheat, oats
and other C3 crops) under intensive tillage for at least 60 years. The
experiment was initiated in 1990 when corn (Zea mays L.) was first
introduced at this site. The experiment was arranged as split-plot ran-
domized blocks with four replications. The tillage systems were the
main plots and N sources for corn were the sub-plots. The sub-plots size
was 7.5m×6m. The tillage systems were fall chisel plow with pre-
plant spring offset disk (chisel tillage: CT), and no-till (NT) by planting
directly through the crop residues with minimal soil disturbance. The
chisel plow and disking operations were performed to a depth of 15 and
10 cm, respectively. The fertilization treatments were different N
sources applied just before planting: 168 kg ha−1 of available N either
as mineral fertilizer (ammonium nitrate or urea; MF) or organic N
fertilizer (OF), besides a control without N (CO). Until 2001, fresh cattle
manure was applied in the OF treatment and after that the organic N
source was composted organic waste. The composted organic waste was
collected at the North Farm’s composting facility of the Kansas State
University and consisted of a mixture of food waste, hay waste, and
cattle manure. Each year, OF were analyzed for total N, organic N,
NH4

+ and NO3
− contents and the application rate was calculated as-

suming that 30% of organic N and 100% of mineral N was available
during the crop growing season (Mikha and Rice, 2004).

2.1. Soil sampling

Composite soil samples were collected in the 0–5, 5–15, and
15–30 cm soil layers using a 5 cm diameter soil probe after the end of
cropping growing season in 1992, 1995, 1999, 2002, 2003, 2004, 2007
and 2014. About 2–3 subsamples were taken for one composite soil
sample from each sub-plot. The undisturbed soil cores were separated
into different depths in the field to prevent contamination between soil
layers. Samples were air-dried, sieved (< 2mm), visible roots were
manually removed, and subsamples were finely ground for further
analysis. Soil masses in the same depths were determined by collecting
another two intact soil core samples from each sub-plot in 1992, 1999,
2003, 2004, 2007 and 2014 following the same sampling procedure.
Samples were dried at 105 °C and weighed. The soil masses in 1995 and
2002 were assumed to be the same as those measured in 1992 and
2003, respectively. Samples of the 0–5 cm soil layer were also collected
in 2007, using a shovel, for the analysis of aggregate-size distribution
and SOC content within aggregate-size fractions. Samples were passed
through an 8-mm sieve and the large macroaggregates that were

Table 1
Soil texture and chemical characteristics of the 0–5 cm layer of a Hapludoll
from central Kansas under chisel tillage (CT), no-tillage (NT), and tallgrass
prairie as reported by Fabrizzi et al. (2009).

Tillage pH Bray-P Ca2+ K+ Mg2+ Na+ CEC Sand Silt Clay
mg kg−1 cmolc

kg−1
%

NT 5.8 55.0 2137 318 265 10.2 18.4 12 68 20
CT 6.2 54.9 2260 371 297 14.5 17.1 10 70 20
Prairie 5.7 65.0 2472 659 412 19.6 24.7 9 59 32

R.S. Nicoloso et al. Agriculture, Ecosystems and Environment 264 (2018) 73–84

74



retained on top of a 4-mm sieve were collected. Roots and plant re-
sidues were removed. Samples were dried at 40 °C and stored at 4 °C
until fractionation. A nearby tallgrass prairie with the same soil type
was used for comparison by collecting four composite soil samples. The
tallgrass prairie vegetation was dominated by big bluestem (Andropogon
gerardii Vit.), little bluestem (Schizachrium scoparium), indiangrass
Sorgastrum nutans (L.), and switchgrass (Panicum virgatumMichx.) along
with other C4 grasses (Hartnett and Fay, 1998).

2.2. Soil organic carbon stocks

The estimation of SOC stocks in different soil layers was performed
on the basis of equivalent soil masses (ESM) (Wendt and Hauser, 2013).
First, soil samples were analyzed for total organic carbon (TOC) content
by dry combustion with a C/N elemental analyzer (Flash EA 1112
Series, ThermoScientific, Waltham, MA). Then, the SOC stocks were
calculated considering the SOC contents and the measured soil masses
in the 0–5, 5–15 and 15–30 cm soil layers in every sub-plot and sam-
pling year. We used the average masses of 590, 1180, and
1800Mg ha−1 measured in the 0–5, 5–15, and 15–30 cm soil layers in
the CT and NT plots in 1992 as references of ESM comparison. Thus, the
cumulative reference soil masses for the 0–5, 0–15, and 0–30 cm soil
layers were 0–590, 0–1770, and 0–3570Mg ha−1, respectively. A cubic
spline function which consisted of a piecewise series of cubic poly-
nomial curves was used to calculate the cumulative SOC stocks present
in the cumulative reference soil masses (Wendt, 2012). Soil organic C
stocks in the intermediate reference soil masses (0–590, 590–1770, and
1770–3570Mg ha−1) were calculated by subtraction. Although all SOC
stock were calculated and compared as ESM, the results were expressed
as 0–5, 5–15, and 15–30 cm soil layers for better clarity, always con-
sidering the 1992 soil sampling as the reference for all other years.

2.3. Aggregate-size distribution

Water-stable aggregates (WSA) within the 4–8mm soil fraction
obtained from soil samples collected in 2007 were separated using a
modified Yoder wet-sieving apparatus (Mikha and Rice, 2004). An 80 g
sub-sample was placed on the top of a 2000 μm sieve, slaked for 5min
and wet-sieved for 2min with a stroke length of 4 cm, totaling 60 cy-
cles. The WSA were collected and the remaining soil and water were
passed through 250 and 53 μm sieves following the same procedure.
Samples were oven dried at 60 °C and weighed. Subsamples of the
isolated fractions, namely large macroaggregates (LM: > 2000 μm),
small macroaggregates (SM: 250–2000 μm), microaggregates (m:
53–250 μm), and silt + clay (s+ c: < 53 μm) were ground for de-
termination of TOC content by dry combustion. Other subsamples were
dispersed with 5 g L−1 sodium hexametaphosphate solution for de-
termination of sand content within WSA (Elliott et al., 1991). The sand
content of the WSA fractions was subtracted for calculation of sand-free
WSA and the C content within WSA fractions was corrected by dividing
by the proportion of sand-free WSA (Gulde et al., 2008).

2.4. Carbon inputs

Corn plants present within 3.05 linear meters from two central rows
in each sub-plot were sampled at harvest for determination of stover
biomass production. Samples were dried at 65 °C and weighed. Carbon
inputs were estimated assuming an average C content of 40% in stover
biomass (Bayer et al., 2006a). The C contents of organic N sources were
measured only sporadically. Thus, we estimated average C inputs from
organic amendments considering measured application rates, total N
content and, when data was available, the C/N ratio of organic N
sources. The average C input by cattle manure was estimated as
2.6 Mg C ha−1 yr−1 from 1990 until 2001 and by composted organic
waste as 5.2 Mg C ha−1 year−1 for the 2002–2014 period (Nicoloso
et al., 2016). To account for the redistribution of corn residues and

organic fertilizers due to disking operations (0–10 cm) in CT treatments
(Franzluebbers, 2002), we assumed that 50% of C inputs from corn
stover and organic fertilizers were reallocated for the for 5–15 cm soil
layer. The described procedures allowed the estimation of C inputs ei-
ther for 0–5 and 0–15 cm layers.

2.5. Natural 13C abundance

Soil samples collected in 1992 and 2014 were analyzed for natural
13C and 15N abundance (δ13C and δ15N) with a ThermoFinnigan ConFlo
III interface and ThermoFinnigan Delta-plus Continuous Flow Stable
Isotope Ratio Mass Spectrometer. The δ13C and δ15N values (parts per-
mille, ‰) were as follows:

δ13C= [(Rsample− Rstandard)/Rstandard]× 103 (1)

δ15N= [(Rsample/Rstandard)− 1]×103 (2)

where, R is the ratio of 13C:12C in the sample and in the standard Pee
Dee Belemnite (PDB) from the Pee Dee River Formation (Hemingway,
SC) and the ratio of 15N:14N in the sample and in the atmospheric N2

(Rstandard= 0.003676), respectively.
The relative contribution of C4 (corn and the original tallgrass

prairie vegetation) and C3 (organic amendments in OF treatment)
sources for SOC stocks were calculated by using a two end-member
mixing model (Balesdent et al., 1987):

fC4= (δ13CSOC− δ13CC3)/(δ13CC4− δ13CC3) (3)

fC3= (δ13CSOC− δ13CC4)/(δ13CC3− δ13CC4) (4)

where, fC4/C3 were the fractions of SOC stocks derived from C4 and C3
sources, respectively, δ13CSOC were the δ13C values of 1992 and 2014
soil samples, and δ13CC4 and δ13CC3 were the average δ13C values of C4
(−13‰) and C3 (−27‰) sources, respectively. The δ13C values used
to discriminate C3 and C4 sources are typical for corn and wheat crops,
respectively, and are within the range reported for the tallgrass prairie
vegetation (−12 to −16‰) and organic amendments (−25.9 to
−27.3‰) such as those used in this study (Dai et al., 2009; Das et al.,
2010; Jessup et al., 2003; Lynch et al., 2006; Wang et al., 2015).

The C4 and C3-derived SOC stocks (SOCC4/C3, Mg ha−1) were then
calculated by multiplying SOC stocks (Mg ha−1) by fC4/C3 in the sample,
as follows:

SOCC4= SOC× fC4 (5)

SOCC3= SOC× fC3 (6)

2.6. Statistical analysis

Repeated Measures Analysis of Variance (RM-ANOVA) was per-
formed to assess differences in SOC stocks, δ13C, δ15N, C3- and C4-de-
rived SOC stocks by using SAS PROC MIXED to consider the effects of
blocks, soil tillage systems as the main plots, N sources as the subplots,
time as sub-subplots and the interactions between the three last factors
(SAS Institute Inc., Cary, NC, USA). We evaluated three covariance
structure models for RM-ANOVA (type=UN@UN, UN@AR(1) and
UN@CS) by using the Restrict Maximum Likelihood (REML) method
and selecting the model with the lower Akaike information criterion
(AIC) value (Littell et al., 2000). Analysis of variance (ANOVA) was also
performed by using SAS PROC MIXED to assess differences in the mass
and C content within WSA fractions considering the effects of blocks,
soil tillage systems as the main plots and N sources as the subplots. All
analyses were performed by soil depth. We used the LSMEANS state-
ment with the protected t-test to assess the interactions between soil
tillage systems and N sources within sampling years and the F-test to
assess differences between sampling years for the interactions of soil
tillage systems and N sources. All results were considered statistically
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significant at p < 0.05. Regression analysis was performed to assess
SOC dynamics on the interaction of soil tillage systems and N sources.
For treatments receiving OF, we differentiated the regressions analysis
in two periods (1992–2002 and 2002–2014) according to the organic N
source used in each period (cattle manure and composted organic
waste, respectively). We also used regression analysis to assess the
correlations between C inputs and SOC stocks and between SOC stocks
and C within WSA fractions by using SigmaPlot 12.5 (Systat Software,
San Jose, CA). We employed linear (y= a+bx), quadratic
(y= a+ bx+ cx2), logarithmic with two or three parameters [y= a ln
(x− x0) or y= y0+ a ln (x− x0)] and exponential [y= y0+ a
(1− e−bx)] regressions to assess the relationships between variables,
where: y and x are the dependent and explanatory variables; y0 and x0
are the initial values for y and x variables; a, b, and c are the regression
coefficients; ln is the natural logarithm of a given number and; e is the
base of the natural logarithm. The F-test was used to assess the sig-
nificance of the adjusted functions (p < 0.05). The adjusted functions
with greater adjusted R2 values were selected (Gulde et al., 2008).

3. Results

3.1. SOC and TN dynamics

Soil organic C dynamics were significantly affected by both tillage
and N sources in the 0–5, 5–15, and 15–30 cm soil layers (Fig. 1, Tables
S1 and S2). The SOC remained stable during the evaluation period
(25 yr) in the cultivated CT CO and CT MF treatments at 8.9 and
10.1Mg C ha−1, respectively, in the 0–5 cm soil layer, and at 16.8 and
17.7Mg C ha−1 in the 5–15 cm soil layer (Fig. 1a/c). However, in the
15–30 cm soil layer it decreased by 0.25 and 0.24Mg C ha−1 yr−1

(Fig. 1e). In the NT CO and NT MF treatments, SOC in the 0–5 cm layer
increased by 42 and 44.9% (1992–2014) (Fig. 1a), but no changes in
SOC were apparent in the 5–15 or 15–30 cm soil layers of either
treatment (Fig. 1c/e).

The C inputs from organic N sources increased significantly with the
change from cattle manure (2.6Mg C ha−1 yr−1 from 1990 to 2001) to
compost organic waste (5.2 Mg C ha−1 yr−1 from 2002 to 2014). We
thus evaluated SOC dynamics in CT OF and NT OF treatments con-
sidering these two distinct periods (Fig. 1a/c/e). We observed sig-
nificant SOC accumulation rates of 0.53, 0.61, and 0.16Mg C ha−1 yr−1

in the 0–5, 5–15, and 15–30 cm soil layers, respectively, of the CT OF
treatment during the first period (1992–2002). However, in the later
period (2002–2014), SOC levels stabilized in the topsoil layer (0–5 cm)
although a significant accumulation of SOC of 0.61Mg C ha−1 yr−1 was
observed in the underlying soil layer (5–15 cm). Soil organic C in-
creased in the 0–5 cm soil layer of the NT OF treatment by
0.96Mg C ha−1 yr−1 between 1992 and 2002, but no changes were
noticed in the underlying 5–15 cm soil layer during the same period. In
contrast, SOC in the 15–30 cm soil layer of NT OF decreased by
0.48Mg C ha−1 yr−1 between 1992 and 2002. With the application of
composted organic waste (2002–2014), SOC increased asymptotically
in both 0–5 (19.4 to 31.3Mg C ha−1) and 5–15 cm soil layers (19.3 to
34.6 Mg C ha−1) and linearly in the 15–30 cm soil layer
(0.46Mg C ha−1 yr−1) in the NT OF treatment.

Soil TN dynamics generally followed the same pattern observed for
SOC in the tillage and fertilization treatments (Fig. 1 b/d/f, Table S2).
However, no changes in soil TN were apparent in the 0–5 cm soil layer
of the NT CO and NT MF treatments that averaged 0.96 and
1.08Mg N ha−1 (1992–2014), respectively. The application of cattle
manure increased soil TN in 0–5 and 5–15 cm soil layers of the CT OF
treatment between 1992 and 2002 by 19 and 15 kg N ha−1 yr−1, re-
spectively (Fig. 1b/d). In the following period (2002–2014), soil TN
stabilized at 1.50MgN ha−1 in the 0–5 cm soil layer but increased by
123 kg N ha−1 yr−1 in the underlying 5–15 cm soil layer of CT OF soil.
Soil TN increased by 72 kg N ha−1 yr−1 in the 0–5 cm soil layer of the
NT OF treatment between 1992 and 2002, but no significant changes

were observed in the underlying soil layers during the same period. In
the later period (2002–2014), soil TN increased asymptotically in the
0–5 cm soil layer (1.6 to 4.0 Mg N ha−1) and linearly in the underlying
5–15 cm soil layer (171 kg N ha−1 yr−1) following the application of
composted organic waste in the NT OF treatment.

3.2. C inputs and SOC

We investigated the relationship between C inputs and SOC in both
0–5 and 0–15 cm by using regression analysis (Fig. 2, Table S3). The CT
CO and CT MF treatments had no increase in SOC stocks in response to
cumulative C inputs regardless sampling layer. Cumulative C inputs for
the 0–5 cm soil layer in CT CO and CT MF treatments were 18 and
23Mg C ha−1 (1992–2014), averaging 0.8 and 1.3Mg C ha−1 yr−1, re-
spectively. For the 0–15 cm soil layer, cumulative C inputs in the re-
spective treatments were 36 and 57Mg C ha−1 during the same period,
averaging 1.6 and 2.6Mg C ha−1 yr−1. In contrast, NT CO and NT MF
treatments showed respective linear and quadratic responses of SOC
stocks to cumulative C inputs for the 0–5 cm soil layer. Nonetheless,
SOC in both treatments responded linearly to C inputs for the 0–15 cm
soil layer. Cumulative C inputs for these treatments were 35 and
59Mg C ha−1 (averaging 1.6 and 2.7Mg C ha−1 yr−1, respectively).
The relationship between cumulative C inputs and SOC in CT OF and
NT OF treatments followed a distinct pattern according to sampling
depth. Cumulative C inputs of 148 and 149Mg C ha−1 (stover+ or-
ganic amendments) had linear relationships with SOC in the 0–15 cm
soil layer of respective NT OF and CT treatments. However, cumulative
C inputs (148 and 74Mg C ha−1 in NT OF and CT OF treatments, re-
spectively) had quadratic relationships with SOC in the 0–5 cm soil
layer of the same treatments.

3.3. SOC within soil aggregates

We assessed the soil aggregate size distribution and the C content
within water-stable aggregates (WSA) in the 0–5 cm soil layer of the
tillage and fertilization treatments in comparison with a nearby tall-
grass prairie soil (Fig. 3, Table S4). The NT soils had higher proportion
of LM than CT soils, averaging 30.0 compared with 10.1%. However,
the proportion of LM in both tillage systems was had considerably lower
than in the prairie soil (54.7%), which also had the highest SOC
(43Mg C ha−1). Organic amendments (OF) doubled the proportion of
LM compared with the MF and CO treatments (30.7, 15.2, and 14.5%,
respectively). The C content within the isolated WSA increased from the
smaller to larger aggregate size fractions following the same hierarchy
observed for aggregate size distribution (NT > CT and OF >
MF≈ CO; Fig. 3). However, despite the lower SOC in the NT OF
treatment (28.2 Mg C ha−1 in 2007) in comparison to the tallgrass
prairie (43Mg C ha−1), the C content within the WSA fractions isolated
from both soils were similar (e.g. 5.5 and 5.4 g C 100 g−1 sand-free
WSA within LM fraction, respectively). Nonetheless, the C content
within WSA fractions in the CT OF treatment was lower than in the
other two soils (e.g., 3.6 g C 100 g−1 sand-free WSA within LM frac-
tion). The best fit for the relationship between SOC and the C content in
the SM and LM microaggregates was an exponential expression (Fig. 3).
For the silt + clay fraction, the C content increased linearly to 2.5 g C
100 g−1 s+ c fraction in the tallgrass prairie soil.

3.4. Soil δ13C and δ15N isotopic signatures

The SOC δ13C isotopic signatures of CT and NT plots in 1992 were
−18.9 and −19.1‰ in the 0–5 cm soil layer, gradually enriching to
−15.8 to −16.5‰ in the 15–30 cm soil layer, respectively (Fig. 4a/c).
By 2014, the use of continuous corn (C4 plant) had enriched the δ13C
signature in the CO and MF treatments, especially in the 0–5 and
5–15 cm soil layers where the δ13C ranged from −17.0 to −17.7‰ for
both CT and NT soils. An enriched SOC δ13C signature, in comparison
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with NT in 1992, was also apparent in the 15–30 cm soil layer of the NT
CO and NT MF treatments (−15.3 to −16.0‰). In contrast, the soil
δ13C isotopic signatures of CT OF and NT OF treatments in 2014 were
more depleted in relation to CT and NT soils in 1992. The δ13C ranged
from −19.4 and −21.2‰ in the topsoil layer gradually enriching to
−16.9 and −17.4‰ in the 15–30 cm soil layer for CT OF and NT OF
treatments, respectively.

The δ15N of CT and NT plots as measured in 1992 ranged from 5.9
to 6.7‰ in the 0–30 cm soil layer (Fig. 4b/d). In 2014, the δ15N in all
soil layers of both CT and NT soils with and without mineral N fertilizer
was more depleted than in 1992. This effect was more pronounced in
the 0–5 cm soil layer of both CT and NT soils without N fertilization
where δ15N was depleted to 4.3 and 4.4‰, respectively. The

application of organic N sources significantly enriched the δ15N natural
abundance of the 0–5 and 5–15 cm soil layers in both CT OF and NT OF
plots following the soil TN accumulation in these treatments (Fig. 4b/
d).

3.5. SOC derived from C3 and C4 sources

The fractions of SOC derived from C3 and C4 sources in 1992 and
2014 were calculated by using a two end-member mixing model
(Fig. 5). The C3-derived SOC represented 40–46, 34–46, and 17–27% of
total SOC (range for all treatments) in the 0–5, 5–15, and 15–30 cm soil
layers in 1992, respectively. For CT CO and CT MF treatments, we
observed a loss of C3-derived SOC (−2.2 and −1.9Mg C ha−1,

Fig. 1. Soil organic C (a, c, e) and total N (b, d, f) dynamics in the 0–5 (a, b), 5–15 (c, d) and 15–30 cm (e, f) soil layers of a Hapludoll from central Kansas as affected
by no-tillage (NT), chisel tillage (CT), control without nitrogen (CO), mineral fertilizer (MF), and organic fertilizer (OF) management practices. The vertical bars are
the mean’s standard errors (n= 4). The colored lines represent the best fit regressions as reported in Table S2. Arrows indicate the OF.
Source: cattle manure (1990–2001) and composted organic waste (2002–2014).

R.S. Nicoloso et al. Agriculture, Ecosystems and Environment 264 (2018) 73–84

77



respectively) in the 0–5 and 5–15 cm soil layers from 1992 to 2014,
which were compensated by a similar increase of C4-derived SOC
(+2.7 and +1.6Mg C ha−1, respectively). The 15–30 cm soil layer of
CT CO and CT MF treatments had no significant changes of C3-derived
SOC (+0.9 and +0.3Mg C ha−1, respectively) but showed a significant
loss of C4-derived SOC (−5.4 and −6.7Mg C ha−1, respectively). We
observed a similar pattern for C3- and C4-derived SOC dynamics for NT
CO and NT MF treatments. Loss of C3-derived SOC (−3.4 and
−3.2Mg C ha−1) were offset by an increase of C4-derived SOC (+6.3
and +5.9Mg C ha−1) in the 0–5 and 5–15 cm soil layers, respectively.
In addition, the loss of C3-derived SOC in the 15–30 cm soil layer was
compensated by an increase of C4-derived SOC, resulting in no changes
in total SOC in the NT CO treatment. In contrast, SOC derived from C3
sources in CT OF treatment increased by 3.7 and 8.2 Mg C ha−1 in the
0–5 and 5–15 cm soil layers, respectively (Fig. 5). The SOC derived from
C4-sources also increased in the CT OF soil by 3.4 and 5.6Mg C ha−1 in
the same soil layers. Similar of observed in CT soil, the NT OF treatment
also showed increased C3- (14.6 and 11.7Mg C ha−1) and C4-derived
SOC (7.0 and 6.5Mg C ha−1) in both 0–5 and 5–15 cm soil layers, re-
spectively.

4. Discussion

4.1. SOC and TN dynamics

The long-term (60 yr.) cultivation of tallgrass prairie with wheat

and other small grains under CT decreased SOC in the 0–30 cm layer by
64% during the pre-experimental period (data not shown), in agree-
ment with previous research (Sanderman et al., 2017). The introduction
of continuous corn since 1990 did not promote any recovery of SOC in
CT CO and CT MF treatments. In fact, SOC decreased in the 15–30 cm
soil layer of the respective treatments. In contrast, SOC increased by
7.7% and 9.3%, respectively, from 1992 to 2014 in the 0–30 cm layer of
NT CO and NT MF treatments. Nonetheless, SOC accrual in these
treatments was limited to the surface soil layer (0–5 cm). Moreover,
SOC accumulation in the 0–5 cm soil layer of the NT MF treatment had
the best fit with a quadratic function (Table S2), indicating that SOC
accrual rates in the surface soil layer were decreasing with time ap-
proaching new steady-state SOC levels. Further increase of SOC could
be achieved either by improving crop fertilization, intensifying crop-
ping systems or by using organic amendments as an external C source
(de Oliveira Ferreira et al., 2013; Smith et al., 1997). The relative an-
nual SOC accrual rate observed in the 0–30 cm soil layer of the NT CO
and NT MF treatments (3.5 and 4.2‰, respectively) closely matches the
goal of the “4 per Thousand” Initiative launched by France during COP
21 in order to halt the annual increase in CO2 concentrations in the
atmosphere and mitigate climate change (Lal, 2016).

The application of external C (cattle manure) increased SOC accrual
rates in both CT and NT soils (1992–2002). We observed significant
SOC accrual in all 0–5, 5k15, and 15–30 cm soil layers of the CT OF
treatment due to mixing of the crop residues cattle manure with chi-
seling and disking operations (Franzluebbers, 2002). In contrast, SOC
accrual was limited to the 0–5 cm soil layer in the NT OF treatment.
Moreover, SOC in the 15–30 cm soil layer of NT OF treatment decreased
by 0.48Mg C ha−1 yr−1 in the same period. The depletion of SOC in the
15–30 cm layer of the NT OF treatment in the first period (1992–2001)
was twice that in the CT CO and CT MF treatments. Previous studies
have reported increased SOC in the soil surface and decreased SOC in
deeper layers of NT soil for review, see (Angers and Eriksen-Hamel,
2008; Luo et al., 2010). Depletion of SOC in the 15–30 cm soil layer of
the CT CO, CT MF, and NT OF treatments (1992–2001) was probably
related to the lack of direct C inputs by corn roots necessary to maintain
the original SOC in this soil layer (Franzluebbers, 2002). Although we
did not assess maize root biomass in our study, Mcgowan (2015) re-
ported that 82, 7 and 3% of corn root biomass measured to a depth of
120 cm were found in the 0–5, 5–15, and 15–30 cm layers of NT plots
carried out nearby our experimental site. The concentration of the crop
root system in the soil surface has already been reported to limit C input
to deeper soil layers thus impacting SOC (Baker et al., 2007).

The substitution of cattle manure for composted organic waste in
the later period (2002–2014) had no effect on SOC in the topsoil layer
(0–5 cm) of the CT OF treatment. Nonetheless, SOC increased by
0.61Mg C ha−1 yr−1 in the underlying soil layer (5–15 cm) of the CT
OF treatment. For the NT OF treatment, SOC increased asymptotically
in both 0–5 and 5–15 cm soil layers and linearly in the 15–30 cm soil
layer during the same period. The higher SOC accumulation with the
application of composted organic waste was attributed to the increased
external C inputs in comparison with cattle manure. Additionally,
composted organic waste has a higher proportion of humic and fulvic
acids that are known to be thermodynamically resistant to decom-
position (Huang et al., 2006), promoting slower decomposition rates
(Grave et al., 2015) and prolonged soil storage than noncomposted
organic sources (Lynch et al., 2006). The application of composted
organic sources was shown to yield a greater C recovery as SOC (up to
95% depending on composted source) than noncomposted manure [for
review, see (Biala, 2011)]. Although biochemical recalcitrance was
recently found to have a weak relationship with long-term SOC stabi-
lization (Kleber et al., 2011; Lehmann and Kleber, 2015) it was reported
to play a crucial role in early residue decomposition in the soil (Schmatz
et al., 2017). Larger accumulation of compost-added C as SOC is indeed
expected in the first years of composted fertilizer amendment (Lynch
et al., 2006), thus helping to explain the sharp increase of SOC observed

Fig. 2. Relationship between soil organic C and cumulative C inputs in the (a)
0–5 and (b) 0–15 cm soil layers of a Hapludoll from central Kansas as affected
by no-tillage (NT), chisel tillage (CT), control without nitrogen (CO), mineral
fertilizer (MF), and organic fertilizer (OF) management practices. Each data
point represents SOC and cumulative C inputs as measured in each sampling
year within the same treatment. The colored lines represent the best fit re-
gressions (p < 0.05). Errors bars were omitted for clarity.
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Fig. 3. Relationship between soil organic C and
the C content within sand-free WSA fractions in
the 0–5 cm soil layer of a Hapludoll from cen-
tral Kansas in 2007 as affected by no-tillage
(NT), chisel tillage (CT), control without ni-
trogen (CO), mineral fertilizer (MF), and or-
ganic fertilizer (OF) management practices. A
nearby native prairie was included for com-
parison (Table S1). The colored lines are the
best fitted regressions for silt+ clay (blue),
microaggregates (green), small macro-
aggregates (red), and large macroaggregates
(black). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 4. Soil δ13C (a, c) δ15N (b, d) isotopic signatures and in the 0–30 cm soil layer of a Hapludoll from central Kansas in 1992 and 2014 as affected by (a, b) chisel
tillage (CT), (c, d) no-tillage (NT), control without nitrogen (CO), mineral fertilizer (MF), and organic fertilizer (OF) management practices. The horizontal bars
represent the mean’s standard errors (n= 4).
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in the 0–5 cm soil layer within the first years of compost applications in
the NT OF treatment.

Overall, SOC in the 0–5 and 5–15 cm soil layers of the NT OF
treatment increased by 228 and 91%, respectively, between 1992 and
2014. Compost amendments (2002–2014) reversed previous SOC losses
in the 15–30 cm layer of the NT OF treatment, recovering to 93% of the
soil SOC measured in 1992. Nonetheless, the relative annual SOC ac-
crual rate observed in the 0–30 cm soil layer of CT OF and NT OF
treatments (17.8 and 30.7‰, respectively) were much greater than the
French’s “4 per Thousand” Initiative (Lal, 2016), but were similar to
observations from the long-term experiments at Rothamsted in plots
under organic amendments (Poulton et al., 2018). Although there is still
discussion about whether SOC accrual promoted by external C sources
should be considered C sequestration (Olson et al., 2014), the benefits
of increasing SOC though organic amendments regarding soil health
and productivity are unquestionable.

The stabilization of SOC at 16.2 and 30.5Mg C ha−1 in the re-
spective 0–5 cm soil layers of the CT OF and NT OF treatments suggests
that new steady-state SOC levels were achieved in these soil layers.
Similarly, soil TN also achieved a new steady-state level at
1.5 Mg N ha−1 in the 0–5 cm soil layer of CT OF treatment (Fig. 1b,
Table S2). However, a new steady-state N level for the NT OF treatment
was not clearly identifiable in the same soil layer. Nonetheless, max-
imum soil TN storage was found to be constrained by SOC and a
minimum soil C:N ratio (Schipper et al., 2004). An assessment SOC and
TN distribution in the 0–30 cm layer of soils of the world found a
minimum C:N ratio of 8.9, while the majority of soils had C:N ratios
higher than 10 (Batjes, 1996). Organic compounds with lower C:N ra-
tios were found to be unstable in the soil and rapidly mineralized by soil
microbes (Amato and Ladd, 1988; Kassem and Diethelm, 1987). Thus,
considering the steady-state SOC levels measured in the CT OF and NT
OF treatments and a minimum C:N ratio of 9 as indicative of maximum
N storage (Schipper et al., 2004), soil N would achieve steady-state
levels at 1.8 and 3.4Mg N ha−1 for the same treatments, respectively.
These values are within the standard error of the soil N as measured in
the 0–5 cm layer of CT OF and NT OF treatments in 2014, respectively.

4.2. SOC saturation

Organic amendments are a well-known strategy to recover SOC
(Biala, 2011; Jarecki and Lal, 2003; Powlson et al., 2012; Smith et al.,
1997; Xia et al., 2017). Continuous application of cattle manure was
reported to increase C content in both labile or more stable SOC pools,
promoting the saturation of SOC stabilization mechanisms (Gulde et al.,
2008). The increase and the subsequent stabilization of SOC in the
0–5 cm soil layer of CT OF and NT OF treatments suggests the same
phenomenon (Fig. 1a). Soil organic C saturation is typically identified
by an asymptotic response of SOC to C inputs at steady-state (Six et al.,
2002; Stewart et al., 2007). When soils are close to SOC saturation le-
vels, soil aggregates and mineral surfaces lose efficiency in protecting
the newly added C from microbial activity, thus limiting the soil’s ca-
pacity to accumulate SOC in physically-protected forms (Six et al.,
2002, 2000, Stewart et al., 2008, 2007).

We investigated the relationship between cumulative C inputs and
measured SOC stocks in both 0–5 and 0–15 cm soil layers in order to
identify this process. The linear relationships between cumulative C
inputs and SOC in the 0–15 cm soil layer do not provide evidence of
SOC saturation for any treatments tested in our study. For the 0–5 cm
soil layer, there was no increase of SOC in the CT CO and CT MF
treatments in response to cumulative C inputs. In contrast, the SOC
increased linearly in response to cumulative C inputs in the same soil
layer of the NT CO treatment. For NT MF, CT OF and NT OF treatments,
we observed a quadratic relationship between SOC and cumulative C
inputs for the 0–5 cm soil layer, thus confirming that all treatments
were approaching new steady-state SOC levels in the soil surface layer.
However, soils can achieve steady-state levels either when SOC accu-
mulation is limited by C inputs or when soils achieve their effective SOC
stabilization capacity thus indicating SOC saturation (Stewart et al.,
2007). When SOC reaches saturation levels, any increase in C inputs can
only promote SOC accumulation within unprotected SOC pools (Gulde
et al., 2008; Six et al., 2002). Nonetheless, further SOC accumulation in
the 5–15 cm layer of CT OF and NT OF treatments after both treatments
had achieved steady-state levels in the 0–5 cm soil layer, suggest that C
inputs were not limiting SOC accumulation in the soil surface layer.
Although these results suggests that the effective stabilization capacity
of CT and NT soils was achieved in the surface soil layer of the CT OF

Fig. 5. Soil organic carbon derived from C3 and C4 sources
in the 0–30 cm soil layer of a Hapludoll from central
Kansas in 1992 and 2014 as affected by chisel tillage (CT),
no-tillage (NT), control without nitrogen (CO), mineral
fertilizer (MF), and organic fertilizer (OF) management
practices. The error bars are the mean’s standard errors
(n=4). The symbols *, **, and *** indicate the statistical
significance levels (0.05, 0.01, and 0.001, respectively) for
the comparison of the lost (red) and recovered (green) C3-
and C4-derived SOC between 1992 and 2014. (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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and NT OF treatments, further evidence demonstrating the saturation of
SOC stabilization mechanisms is necessary to support this hypothesis.
Thus, we assessed the soil C content within water-stable aggregates
(WSA) in the 0–5 cm soil layer to look for evidences of saturation in
physically-protected SOC pools.

Previous studies proposed that macroaggregate turnover (allowing
the formation of stable microaggregates within macroaggregates) plays
a crucial role in SOC stabilization in agroecosystems (Denef et al., 2001;
Six et al., 2004, 2000). Studies also reported that SOC saturation fol-
lows a hierarchy from smaller to larger aggregate size fractions (Gulde
et al., 2008; Stewart et al., 2008). Thus, we assumed that the saturation
of soil LM would be indicative of the biophysical protection capacity as
a SOC stabilization mechanism. Therefore, our assessment focused on
the isolated 4–8mm soil fraction that would have a higher proportion
of LM than the whole soil. For this assessment, samples were collected
from the 0–5 cm soil layer in 2007 when the first evidence for SOC
saturation was noticed in this experiment. We also included a nearby
tallgrass prairie from the same soil type as a reference for comparison
(Fabrizzi et al., 2009). As expected, SOC in the tallgrass prairie soil was
higher (43Mg C ha−1 in the 0–5 cm soil layer) than in the investigated
long-term experiment. We assumed that the reference soil would have
the maximum amount of LM (>2000 μm), since the soil was not dis-
turbed and C inputs were significant and constant by the perennial
tallgrass vegetation.

Decreased disturbance in the NT soils compared with CT soils and
increased C inputs by OF promoted higher aggregate stability and in-
creased C storage in larger aggregate size fractions. These results agree
with previous findings from this experimental site and elsewhere
(Fabrizzi et al., 2009; Gulde et al., 2008; Mikha and Rice, 2004; Stewart
et al., 2008). The LM, SM and also the microaggregates (53–250 μm)
fractions showed saturation behaviors as indicated by the fitted ex-
ponential regressions between SOC and C content within each WSA
fraction (Fig. 3). By calculating the first derivative of the exponential
functions and assuming dy/dx<0.1 as indicative of the lower limit of
the SOC saturation levels, we estimated that the LM, SM and micro-
aggregates fractions would reach saturation at 4.7, 3.8, and 3.0 g C
100 g−1 of the respective sand-free WSA fractions isolated from the
4–8mm sieved soil. Those levels were achieved with SOC at 25.9, 23.5,
and 22.3Mg C ha−1 for the same WSA fractions, respectively, following
the same saturation hierarchy from smaller to larger aggregate size
fractions previously reported (Gulde et al., 2008; Stewart et al., 2008).
These results indicate that only WSA from the tallgrass prairie and NT
OF soils could be considered C saturated, since the C content within the
LM, SM and microaggregates fractions were higher than the estimated
WSA saturation levels. Nonetheless, the C content within the silt + clay
fraction followed a linear pattern increasing to 2.5 g C 100 g−1 in the
tallgrass prairie soil. Although the saturation levels and maximum SOC
storage capacity of the silt+ clay fraction could not be determined in
this assessment, SOC storage within silt + clay fraction in the tallgrass
prairie soil was lower than the maximum SOC storage capacity pre-
dicted for 90% silt+ clay soils in other studies [i.e. 2.8 to 3.7 g 100 g−1

silt + clay (Carter et al., 2003; Hassink, 1997; Six et al., 2002)].
However, results could not be compared directly due to differences in
the methodology used in this study.

Nonetheless, this study gathered evidence (i.e., increasing SOC in
the 5–15 cm after the stabilization of the surface soil layer, non-linear
response of SOC stocks to C inputs and C content within WSA fractions)
suggesting that the NT OF treatment achieved the effective SOC stabi-
lization capacity of the surface layer of NT soil (Gulde et al., 2008;
Stewart et al., 2008). Additional increase in SOC stocks in the 0–5 cm
soil layer of NT OF treatment would have resulted either from the ac-
cumulation of unprotected SOC fractions (Gulde et al., 2008) or by
increasing the amount of LM in NT soil, since further increase of C
content is unlikely to occur within saturated WSA fractions. In contrast,
SOC accrual in the CT OF and NT MF treatment was not limited by
saturation, since the C content within WSA were below SOC saturation

levels determined for this soil. Thus, SOC accumulation in NT MF
treatment was only limited by the lower C inputs from crop residues in
comparison with NT OF treatment receiving external C sources. These
results also support the notion that CT limited the capacity of the soil to
accumulate SOC by disrupting LM and decreasing SOC stabilization in
more stable aggregate size fractions, resulting in faster LM turnover,
lower C recovery and higher SOC mineralization (Nicoloso et al., 2016;
Six et al., 2004, 2002).

4.3. SOC and TN translocation

Our results also suggest that saturation of the surface soil layer of
NT soils did not impair SOC or TN accrual as previously believed. No
changes in SOC or TN were noticed in the 5–15 cm soil layer of NT OF
treatment before 2002 when SOC in the topsoil layer was 60% of the
SOC saturation level that was observed in the later period. However,
after SOC approached saturation levels in the 0–5 cm soil layer, a sig-
nificant increase of both SOC and TN were noticed in the underlying
layer. We investigated the sources for this significant SOC and TN ac-
cumulation by comparing the δ13C and δ15N natural abundance sig-
nature in the soil samples collected in 1992 and 2014 (Fig. 4).

The introduction of continuous corn (C4 plant) enriched the soil
δ13C signature of the CO and MF treatments in both CT and NT soils. In
contrast, the soil δ13C isotopic signatures of CT OF and NT OF treat-
ments in 2014 were more depleted in relation to 1992. This would
indicate that OF sources used in this study were derived from C3 ve-
getation being more depleted in δ13C than SOC and corn residues.
Cattle manure (from animals fed with C3 forage: e.g. alfalfa hay) and
composted organic waste from different sources have been reported to
have a δ13C ranging from −25.9 to −27.3 (Dai et al., 2009; Lynch
et al., 2006). The composting process is also known to deplete the δ13C
signature of organic residues (Lynch et al., 2006) since C4 sources de-
compose faster than C3 sources (Wynn and Bird, 2007).

Soil organic C derived from C3 sources decreased in CT and NT soils
where corn residues were the only C source returned to the soil in CO
and MF treatments. The same treatments showed an increase in C4-
derived SOC which overcame (NT) or partially compensated (CT) losses
in C3-derived SOC. In contrast, both C4- and C3-derived SOC increased
in the 0–5 and 5–15 cm soil layer of CT OF treatment. The accumulation
of both C4- and C3-derived SOC in the 0–5 and 5–15 cm soil layers of
CT OF treatment was already expected due to incorporation of both
corn residue (C4 source) and organic fertilizers (C3 source) into the soil
with chisel and disking operations (Franzluebbers, 2002). Similarly, the
accumulation of C4-derived SOC in NT OF treatment could be attrib-
uted to direct C inputs from corn stover (0–5) and roots (0–5 and
5–15 cm) as observed in the other NT treatments. However, the NT OF
treatment also had an increase of C3-derived SOC in both 0–5 and
5–15 cm soil layers. The accumulation of C3-derived SOC in the
5–15 cm soil layer of the NT OF treatment provides evidence that SOC
derived from organic fertilizers (C3 source), which were applied at soil
surface, was translocated from the saturated topsoil layer to the un-
derlying soil layer. Thus, considering that long-term SOC and TN dy-
namics were coupled in both CT and NT soils (Fig. 1) we further in-
vestigated soil δ15N isotopic signature to gather more evidences of the
proposed SOC translocation process.

The CO and MF treatments were more depleted in δ15N in 2014 than
1992, regardless of sampling layer and soil tillage. Depletion of soil
δ15N isotopic signature would be expected following the application of
15N depleted mineral fertilizers such as urea and ammonium nitrate
[δ15N=−0.2 ± 2.1 to−1.5 ± 0.5‰ (Bateman and Kelly, 2007; Lim
et al., 2010)] or deposition of atmospheric N [δ15N=−3 to +3‰
(Boutton and Liao, 2010)]. In contrast, the application of organic N
sources significantly enriched the δ15N natural abundance of the 0–5
and 5–15 cm soil layers in both CT and NT soils. Organic N sources are
known to have significantly higher δ15N values (3.5 to 20.9‰) than
mineral fertilizers due to 15N-depleted N losses during manure storage
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or composting process (Angnes et al., 2013; Bateman and Kelly, 2007;
Lim et al., 2010). Thus, the application of organic N sources was ex-
pected to increase soil δ15N natural abundance as reported elsewhere
(Chen et al., 2011). Nonetheless, the enriched δ15N natural abundance
of the 5–15 cm soil layer in the NT OF treatment, where organic ferti-
lizers were applied on the soil surface, also suggests translocation of TN
from the 0–5 to the underlying soil layer. Thus, both SOC and TN dy-
namics and δ13C and δ15N isotopic signatures were independent evi-
dences of the occurrence of both SOC and TN translocation from SOC/
TN-saturated to SOC/TN-depleted soil layers.

Translocation of SOC is a process observed in many soil orders,
characteristic of Spodosols (Soil Survey Staff, 1999), but also reported
in Andisols, Inceptisols, Entisols, and Oxisols under forest ecosystems
(Fujii et al., 2011). Soluble C translocation rates between organic (O)
and mineral (A) horizons in soils under temperate forests range from
0.11 to 0.36 kg C ha−1 yr−1 in Spodosols, 0.28 kg C ha−1 yr−1 in Oxi-
sols, 0.05 to 0.48 kg C ha−1 yr−1 in Andisols, 0.15 to
0.40 kg C ha−1 yr−1 in Inceptisols (Fujii et al., 2011). In tropical forests,
as much as 0.96 kg C ha−1 yr−1 could be translocated in Entisols (Fujii
et al., 2011). The observation of such significant SOC translocation in
natural forest ecosystems supports the notion that SOC saturation
would limit but not impair SOC accumulation in those soils.

Translocation of soluble C between mineral soil layers is more
pronounced in soils with low Fe- and Al-oxides content where soluble C
is less adsorbed by soil colloids (Fujii et al., 2011), such as the Mollisol
in our study. Higher soil porosity (Da Silveira Nicoloso et al., 2008) and
the better architecture, continuity and stability of soil pores (Williams
and Weil, 2004) may contribute to soluble C translocation between soil
layers. Soil organic C mineralization rates was also suggested to in-
crease as SOC approach saturation levels (Nicoloso et al., 2016). The
products of the partial degradation of SOC are more easily desorbed
from mineral surfaces, being dissolved in water and translocated
though the soil profile until stabilized in C-depleted subsoil layers
(Kaiser and Kalbitz, 2012). Newly-added C was also reported to be
strongly adsorbed to soil minerals displacing already stabilized and
older SOC, which then could migrate to underlying soil layers (Kaiser
and Kalbitz, 2012). Although translocation of soluble C would also be
expected in C-depleted agricultural soils, significant SOC accumulation
as promoted by this process was until now only recognized in soils
presenting a pedogenic organic horizon (Kaiser and Kalbitz, 2012) or
mineral soils under natural forest ecosystem (Fujii et al., 2011).

Another possible mechanism for the SOC translocation observed in
the NT OF treatment was bioturbation (Gabet et al., 2003; Jiménez and
Lal, 2006). Previous studies reported that bioturbation enhanced the
movement of both soluble and particulate SOC in forests and also in
agricultural soils under minimum disturbance and organic amendments
(Butenschoen et al., 2007; Gabet et al., 2003; Jiménez and Lal, 2006;
Tonneijck and Jongmans, 2008). However, movement of SOC due to
bioturbation would be expected to occur since the beginning of the our
experiment, regardless of SOC saturation (Butenschoen et al., 2007).
However, no SOC or TN accrual was observed in the 5–15 cm soil layer
of NT soils prior to the saturation of the surface soil layer in the NT OF
treatment. Thus, although bioturbation may contribute to SOC trans-
location, it was likely not the dominant mechanism. Further research
assessing the accumulation of coarse C and N fractions in the 5–15 cm
soil layer, such as particulate organic carbon (POC) and nitrogen
(PON), as well as other markers indicative of soil fauna activity would
provide evidence regarding the importance of bioturbation for the
translocation of SOC from the saturated topsoil layer.

Although the mechanisms regulating SOC translocation still needs
to be verified by further research, this process clearly increases the
potential of agricultural soils to serve as a larger C sink in both quantity
and time than previously thought (Lal, 2004; West and Post, 2002).
Moreover, SOC accrual in deeper soil layers maybe more stable and
resilient to changes in agricultural practices and climate conditions that
may favor SOC losses in topsoil layers (Fontaine et al., 2007).

Nonetheless, to our knowledge, the results presented in this study are
the first evidence of significant SOC accrual that can be attributed to the
translocation of SOC between saturated and depleted soil layers in
agricultural mineral soils. The pioneering of these results relies on the
fact that SOC saturation is a recent research topic, and few studies have
been able to assess this process in agricultural soils (Chung et al., 2008;
Gulde et al., 2008; Hassink, 1997; Six et al., 2002; Stewart et al., 2008,
2007). Moreover, no-till experiments are relatively recent (< 50 yr.)
and generally evaluate systems without high C inputs (i.e., organic N
sources) to drive soil C towards saturation. We were able to identify
both SOC saturation and translocation processes by assessing SOC and
TN dynamics in a long-term experiment with contrasting soil tillage and
fertilization practices using high temporal (9 samplings in 25 years) and
depth sampling resolution. Although one-time sampling of paired CT
and NT plots may provide relevant information regarding SOC and N
storage in agricultural soils, this approach lacks of crucial piece of in-
formation necessary for the assessment of SOC and TN accrual, sa-
turation and translocation processes. Thus, we should intensify our
studies efforts in long-term experiments from different regions of the
world in order to improve our knowledge on the potential of agri-
cultural soils for SOC sequestration and climate change mitigation.

5. Conclusions

The use of organic amendments over 25 years increased SOC in the
0–5 cm layer of a prairie soil (Hapludoll) from central Kansas by up to
65 and 228% under CT and NT, respectively. The quadratic relationship
between SOC and cumulative C inputs suggests that saturation limits
SOC accumulation in both CT OF and NT OF treatments. However, C
content within aggregate size fractions reached saturation levels only in
the NT OF treatment, suggesting that SOC accumulation in CT soil was
limited by faster turnover due to chiseling and disking operations. Thus,
no evidence of saturation in the surface soil layer was observed in CT
soils. Significant SOC accumulation was observed in the underlying soil
layer (5–15 cm) after the saturation of the topsoil layer in the NT OF
treatment. Partitioning of SOC through the assessment of δ13C natural
abundance demonstrated that SOC accrual in the 5–15 cm soil layer was
at least partially derived from the translocation of C derived from or-
ganic fertilizers applied to the soil surface in NT soil. Soil TN dynamics
and the δ15N isotopic signature followed the same pattern, providing
further evidence for SOC and TN translocation. Further research is
needed to elucidate the mechanisms regulating SOC translocation be-
tween saturated and depleted layers in agricultural soils. Nonetheless,
this process clearly increases the potential of agricultural soils managed
under NT to serve as a C sink than previously thought.
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