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The study of changes in soil organic carbon (SOC) stocks as a result of land use or climate change requires sound
criteria to compare SOC stocks in different plots. Just comparing SOC stored down to a standard depth (often,
30 cm) is prone to errors, owing to the changes in soil bulk density due to shifts in SOC content or the soil com-
paction due to heavy machinery. To solve this problem several approaches have been suggested. Jenkinson pro-
posed in 1971 the concept of ‘equivalent soil depth’, the depth to which a soil should be sampled to reach a
certain amount of fine mineral earth. Here we present a procedure which combines that concept with the mod-
ern cumulative coordinates approach (CCA). Our method involves sampling soils down to a given depth (30 cm)
with a volumetric core sampler which maintains the profile structure, and divide the obtained core in depth
layers (0–5, 5–15 and 15–30 cm). Each layer is studied separately for its stone and gravel content, fine earth
(b2 mm) and coarse organic fragments. From these data we calculate the cumulative (with depth) amounts of
fine earth (b2 mm), soil organic carbon (SOC), and fine mineral earth (FME), i.e. the fine earth corrected for or-
ganic matter. Then, SOC and FME are plotted together and fitted to a double-exponential equation, to obtain the
amount of SOC (kgm−2) accumulated in the uppermost Y kgm−2 of FME. As an example,we apply this approach
to the comparison of SOC stocks in four plots differing in land use (crop, old forest, and recent pine stands), and
also as to their stoniness and bulk density. Essentially, instead of comparing SOC stocks on a depth basis —
amount of C stored in the uppermost Y cm of soil, for instance 30 cm — we propose to compare SOC stocks on
a fine mineral earth basis — amount of C stored by the uppermost Y kg m−2 of FME. The value we propose is
Y = 300 kg m−2 of FME. Such an approach automatically corrects for the compression or expansion of soil due
to heavy machinery, or the changes in bulk density due to the shifts in SOC content, thus making contrasting
plots directly comparable. It is less clear, nevertheless, the usefulness of CCAs to compare SOC stocks in plots
strongly differing as to their stoniness.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The current climate change context has resulted in an increased in-
terest in using soils as a sink for atmospheric CO2. Today the main sub-
ject of research in soil science is how the stock of soil organic carbon
(SOC) evolves as a result of changes in climate (increased temperature,
; COF, coarse organic fragments,
el and stones; SOC, soil organic
arth, b2mm; FME, finemineral
; TMM, totalmineralmatter, i.e.,
us pineaplot; Qf,Quercus faginea
decreased precipitation), land use (e.g., afforestation, forest clearing) or
land management details (e.g., changes in agricultural practices)
(e.g., Malhi et al., 2002; Morris et al., 2010; Lal, 2008; Smith, 2008; Luo
andWeng, 2011, amongmany). In spite of the amount of published in-
formation, still relevant uncertainties affect our knowledge of these
topics (Díaz-Hernández, 2010).

The estimation of soil OC stock is the result of a calculation of this
kind:

CT ¼
Xn

i¼1

Ci ð1Þ

where n is the total number of soil horizons, CT is the total SOC in the pro-
file, and Ci is that of a given soil horizon, which is obtained as follows:

Ci ¼ Dbi � ci � 10000� 1–Við Þ � Ti ð2Þ
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where Dbi is the bulk density (g cm−3) of the b2mm fraction in the i ho-
rizon, ci is the SOC concentration (g C g−1) in the i horizon, Vi is the frac-
tion (0–1) of the total volume of the i horizon occupied by gravel and
stones, and Ti is the thickness of the i horizon in cm. The equation gives
SOC stock in g C per square meter, but it may be easily modified to give
it in kg C m−2, tones per hectare, or the units chosen. The calculation
can be restricted to a given depth d simply by summing in Eq. (1) only
those horizons not deeper than d. Eq. (2) may appear in several forms
(e.g., Chiti et al., 2012; Howlett et al., 2012), but the underlying concept
is always respected. The formula is easy to understand, but its practical
applicationposes problemsbecause,while ci and Ti aremeasured routine-
ly in soil surveys, very often neither Dbi nor Vi is reallymeasured. Gravel is
quantifiedwhen soil samples are sieved to 2mm for further analyses, but
the amount of stones or blocks is often only estimated in thefield by visu-
al inspection. As to Dbi, it must be measured by taking undisturbed sam-
ples in the field, which is difficult (if done properly) and time-consuming.
Often Db is estimated by pedotransfer functions (e.g., Barahona and
Santos, 1981; De Vos et al., 2005; Manrique and Jones, 1991;
Rodriguez-Murillo, 2001) which usually show a poor fit: errors in esti-
mating Dbi translate immediately to the estimation of its SOC stock.

A result of these uncertainties is that, while obtaining SOC concen-
tration along a soil profile is a trivial matter, estimating SOC stock per
unit surface is not. Owing to this difficulty, a universally accepted crite-
rion to compare soil C stocks among a variety of land uses, land use his-
tories and climatic constraints is still lacking after many years of
research. The need of such a universal criterion is widely acknowledged
(Lal et al., 2000).

Digging a classical soil profile involves a strong disturbance to the
plot, and today is barely done in research about SOC stocks, except to
obtain supporting additional information (e.g., to have a panoramic
view of the soil features, in order to classify the profile according to
USDA or WRB taxonomies). Data about SOC stocks is rather achieved
by using samplers designed to obtain an undisturbed core, cylindrical
or prismatic, down to a stated depth. This approach overcomes many
of the above mentioned problems, because quantifying fine earth,
stones and gravel in such a volume is easy. It applies well to sampling
Fig. 1.Anexample of plot history. Soil evolution comes froma hypothetic original broadleaved f
to crops. The use of heavy agriculturalmachinerymay result inmarked soil compaction. Rectang
fixed depth. The several soils would be not directly comparable, nor the obtained total C stock
soils down to 30 cm, which is the reference depth recommended by
the IPCC to compare SOC stocks among land uses and vegetation types
(IPCC, 1997). This relatively shallow sampling depth has been criticized.
Olson and Al.Kaisi (2015) consider imperative to sample soil down to
the entire rooting zone or down to a 1–2 m depth when measuring
SOC stocks. These depths in most cases could only be attained by
means of small-diameter core samplers — unable to account for gravel
and stones — of by digging soil profiles, a very destructive sampling
method. Such an intensive sampling could be done only in few specific
cases, not in large-scale surveys.

The comparison of SOC stocks still faces another problem, which is
the question of what do we exactly compare. Soil is not a physically
rigid system: along decades, its volume may appreciably change
(Fig. 1). Conversion of native vegetation to crops result in soil compres-
sion due to SOC losses and increased Db. Additional compression must
be expected if heavy machinery is used. On the other hand, an expan-
sion of soil volume is also expected due to plowing. Actually studying
changes in SOC storage in croplands may be difficult, because crop
soils are subjected to relevant temporal changes throughout the year
due to soil preparation, cultivation and harvesting. A forest soil devel-
oped on abandoned croplands may be not directly comparable to a
never cropped forest soil, because some of the crop features (e.g., the
plow pan) may persist for decades. A sound comparison of SOC stocks
must necessarily rely on a parameter which can be fixed for all plots
and all soil cores taken from them: the simple equalization of the sam-
pling depth may result in erroneous conclusions.

This problem is known many years since (e.g., Nye and Greenland,
1964), and there has been attempts to solve it. The approach of Ellert
(Ellert and Bethany, 1995; Ellert et al., 2001) is to compare the soils of
contrasting plots by taking their genetic horizons as reference. It in-
volves a careful determination of Db in the topsoil, whereas it is as-
sumed that Db suffers little changes below 20 cm. Horizon masses are
pooled down to a pre-determined ‘equivalent soil mass’: the amount
of C stored by this equivalent soil mass is the object of the comparison.
This approach needs a previous knowledge of the soil profiles, for their
genetic horizons are the sampling units: when profiles are poorly
orest to a recent secondary pine stand, through stages of forest degradation and conversion
les show the different ‘soils’wewould obtain by introducing a core sampler to a previously
s would really represent the true changes in the C budget of the overall soil system.



Fig. 2. Concept of ‘Cumulative Coordinates’, applied to the study of SOC stock. The amount
of OC, given cumulative with depth (X axis), is plotted against an external magnitude,
given also cumulative with depth (Y axis). This external magnitude is usually a measure
of soil mass: total mineral matter, fine earth, total matter. The comparison of different
SOC stocks is done for standard-, previously settled reference values for Y (YR): in the fig-
ure we represent the SOC stocks for reference values of YR: 100, 200 and 300 kg m−2.
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differentiated (entisols, agricultural soils), or quite simply when we
compare two profiles differing as to their horizon sequence, Ellert's ap-
proach is difficult to apply. Of course, an obvious alternative is to ignore
the genetic horizons and to sample the soil in previously fixed depth in-
tervals (e.g., Zan et al., 2001). However, the use of depth increments in-
stead of genetic horizons may distort the estimation of SOC stocks
(Parras-Alcántara et al., 2015). In addition, there are doubts about
whether taking into account Db is enough to correct the biases in the es-
timation of SOC changes due to the shifts in the degree of compaction
(Lee et al., 2009, 2010).

Whatever the exact procedure, the underlying concept is the same:
to compare SOC stocks not on a fixed depth basis, but on a fixed mass
basis, thus allowing correcting for the changes in soil bulk density. Actu-
ally the idea is old: it may be traced back for more than 40 years, with
the pioneer work of Jenkinson (1971), who suggested the concept of
‘equivalent soil depth’, meant as the depth needed to attain a given
weight of ‘ignited fine soil’ per surface unit, a depth which was meant
to be different at each site.

In this paper we present a strategy to overcome most of the prob-
lems related with obtaining comparable estimates of SOC stocks in
plots differing as to their bulk densities. Our strategy relies on the use
of volumetric core samplers, allowing to extract from the soil either
cylinders or prisms reasonably intact, reflecting their original structure,
including the horizon sequence. Here (i) we describe in detail the theo-
retical basis of our approach, (ii) we discuss a very relevant point, which
is the need (or not) of taking into account soil stones in our approach,
(iii) we propose statistical approaches to compare SOC stocks in differ-
ent plots, when our method is applied, and finally (iv) as an example,
we apply our approach to the comparison of SOC stocks in a set of
plots near Burgos (Spain).

2. Materials and methods

2.1. Concept

Our proposal relies on the cumulative coordinates approach (hence-
forth, CCA), already applied in research about several topics of soil
science (Gifford and Roderick, 2003; McGarry and Malafant, 1987;
Smiles, 2000; Sposito et al., 1976). Wuest (2009) recently stressed
that the CCA approach is capable of correcting for artifacts due to differ-
ences in sampling equipment and conditions: this may facilitate the
comparison of research conducted across different times, locations,
soil conditions, and by different researchers.

In CCA, the cumulative amount of SOCwith depth is given relative to
an independent parameter, Y, given also as cumulative with depth
(Fig. 2). We may establish a fixed reference value for this independent
parameter, YR, and obtain for each soil core the amount CR, i.e., the
amount of accumulated soil C corresponding to this YR. These obtained
CR values may be the basis to compare the SOC stocks in different soil
cores, plots, sites or land uses.

Obviously a critical point in such an approach is theparameter Y cho-
sen as a basis for these comparisons. Themost immediate is depth itself,
i.e., to compare the accumulated SOC down to a given reference depth
(for instance, following IPCC recommendations, 30 cm), but this is pre-
cisely the criterionwewant to avoid. There have been several proposals
for Y: themost usual is the total soil matter, including fine earth, organic
matter, gravel and stones.

Our proposal relies on the consideration of what accumulates and
stabilizes SOC. The fine earth (b2 mm) does this role. Gravel and stones
are inert or almost inert at this point, leaving aside the small amount of
organic matter associated to their very surface. Therefore the accumu-
lated amount of fine earth should be the basis to compare cores and
plots. Another important point is that the organic matter is excluded
from Y, i.e., only the mineral part of the fine earth is considered. These
are the two points in which our proposal substantially differs from
other CCAs. The immediate precedent of our approach, that of Gifford
and Roderick (2003), (i) does not correct fine earth for its organic
matter (which is accounted for in the Y axis); and (ii) it considers gravel
and stones also as components of the Y axis. While the first feature (i) is
not expected to greatly distort the results, the second one (ii) may
completely change them, since gravel and stonesmay account for a sub-
stantial part of the soil dry mass, and change completely the dimension
of the Y axis. Owing to the relevance of this choice (i.e., to consider grav-
el and stones in the Y axis), this point must be studied in detail.

2.2. Theoretical analysis

Fig. 1 summarizes a situation in which a given soil profile is affected
by changes in bulk density throughout its profile, owingmainly (but not
solely) to changes in soil organic matter. To analyze such a situation we
may take a soil horizon as the basic unit.

In our analysiswewill consider a surface of 1m2 (=10,000 cm2). For
our purposes, several parameters must be simulated. First, the amount
of coarse mineral fragments (CMF), their density (stone density: Ds)
and their volume (VolC). On the other hand we need the amount of
fine earth b2 mm (FE), including both mineral matter and organic mat-
ter, the amount of finemineral earth b2mm (FME), which excludes or-
ganic matter, the amount of organic carbon associated to the FE (OC),
the amount of organic matter associated to the FE (OM), and the bulk
density of the fine earth (Db), which determines its volume (VolF).
Also, the total mineral matter (TMM), the volume of the horizon
(VolT), and finally its thickness (t). These parameters relate among
them through a set of equations.

VolC ¼ CMF=Ds ð3:1Þ

OM ¼ 1:724 � OC Van Bemmelen0s factor
� � ð3:2Þ

FE ¼ FMEþ OM ð3:3Þ

TMM ¼ FMEþ CMF ð3:4Þ



Table 1
Results of Exercise 1. Three theoretical profiles, generated from the set of equations given
in Section 2.2. CMF, FME, TMM, SOC and FE are given in kgm−2. Db is given in g cm−3, and
t (thickness) in cm.

Layer CMF FME TMM SOC FE % OC Db t

Profile 0: initial situation
1 9.38 39.18 48.56 0.20 39.52 0.5 1.86 2.5
2 3.13 43.79 46.92 0.22 44.17 0.5 1.86 2.5
3 0 46.10 46.10 0.23 46.50 0.5 1.86 2.5
4 12.50 36.88 49.38 0.19 37.20 0.5 1.86 2.5
5 1.25 45.18 46.43 0.23 45.57 0.5 1.86 2.5
6 12.50 36.88 49.38 0.19 37.20 0.5 1.86 2.5
7 18.75 32.27 51.02 0.16 32.55 0.5 1.86 2.5
8 0 46.10 46.10 0.23 46.50 0.5 1.86 2.5
9 25.00 27.66 52.66 0.14 27.90 0.5 1.86 2.5
10 3.13 43.79 46.92 0.22 44.17 0.5 1.86 2.5
11 6.25 41.49 47.74 0.21 41.85 0.5 1.86 2.5
12 0 46.10 46.10 0.23 46.50 0.5 1.86 2.5

Profile 1
1 9.38 39.18 48.56 0.89 40.72 2.18 1.27 3.57
2 3.13 43.79 46.92 0.77 45.13 1.71 1.37 3.42
3 0 46.10 46.10 0.74 47.38 1.57 1.41 3.37
4 12.50 36.88 49.38 0.56 37.84 1.47 1.43 3.15
5 1.25 45.18 46.43 0.57 46.16 1.23 1.50 3.12
6 12.50 36.88 49.38 0.41 37.58 1.09 1.55 2.92
7 18.75 32.27 51.02 0.33 32.83 0.99 1.59 2.82
8 0 46.10 46.10 0.42 46.82 0.89 1.63 2.87
9 25.00 27.66 52.66 0.22 28.04 0.80 1.68 2.67
10 3.13 43.79 46.92 0.31 44.33 0.70 1.73 2.69
11 6.25 41.49 47.74 0.25 41.92 0.60 1.79 2.59
12 0 46.10 46.10 0.23 46.50 0.50 1.86 2.50

Profile 2
1 9.38 39.18 48.56 1.78 42.25 4.21 1.01 4.54
2 3.13 43.79 46.92 1.55 46.46 3.33 1.11 4.32
3 0 46.10 46.10 1.49 48.66 3.06 1.14 4.26
4 12.50 36.88 49.38 1.12 38.80 2.88 1.17 3.83
5 1.25 45.18 46.43 1.14 47.14 2.42 1.23 3.87
6 12.50 36.88 49.38 0.82 38.29 2.14 1.28 3.48
7 18.75 32.27 51.02 0.65 33.39 1.95 1.32 3.28
8 0 46.10 46.10 0.84 47.54 1.76 1.36 3.50
9 25.00 27.66 52.66 0.45 28.43 1.57 1.41 3.02
10 3.13 43.79 46.92 0.62 44.86 1.38 1.46 3.20
11 6.25 41.49 47.74 0.50 42.35 1.19 1.52 3.04
12 0 46.10 46.10 0.46 46.90 0.99 1.59 2.95

423P. Rovira et al. / Catena 133 (2015) 420–431
%OC ¼ OC=FEð Þ � 100 ð3:5Þ

%OM ¼ OM=FEð Þ � 100 ð3:6Þ

Db ¼ 1:801–0:397 ln %OMð Þ ð3:7Þ

VolF ¼ FE=Db ð3:8Þ

VolT ¼ VolC þ VolF ð3:9Þ

Eq. (3.7) derives from Honeysett and Ratkowski (1989).
In the above equations, themagnitudes ofmaterials (TMM, CMF, OC,

OM, FE and FME) are given in grams per squared meter, the volumes
(VolF, VolT, VolC) in cm3, and the densities (Ds, Db) in g cm−3. The thick-
ness of the horizon, t, in cm, will be obviously

t ¼ VolT=10000: ð3:10Þ

From these relationships we can build theoretical profiles to study
our approach. Two simulation exercises are shown here, both related
to the problemof stoniness. In thefirst (Exercise 1)we study how the re-
sults of a CCA analysis depend on the consideration of stones in the Y
axis; in the second (Exercise 2) we simulate how strong differences in
profile stoniness affect the comparisons in CCA.

Exercise 1 is summarized in Table 1. Profile 0 reflects an initial situa-
tion in which we will simulate a sequestration of carbon. The profile is
divided in 12 layers 2.5 cm thick, all of them with 0.5%OC in the fine
earth. The high number of soil layers allows to simulate with detail a
very irregular distribution of stones along the theoretical profile,
which is the most usual situation: stoniness is noteworthy in some
layers, and totally absent in others.

Carbon sequestration proceeds by accumulating SOC in each layer,
mainly in the upper horizons. Profiles 1 and 2 simulate two stages of
SOC accumulation, resulting in increased %OC, decreased Db, and in-
creased thickness (t). It is to stress that FME, CMF and TMM do not
change with these processes: what changes is their distribution with
depth, i.e. a given stone layer may lay deeper in the soil profile if the
layers above it become thicker as a consequence of a decreased bulk
density.

In Fig. 3 these data are translated to a CCA. Fig. 3A and B show how
the cumulative FME or TMM with depth changes as a result of carbon
sequestration in the soil. Fig. 3C and D apply CCA to reflect the changes
in SOC stock. As evidenced, including the coarse mineral materials
(gravel and stones) in the Y axis does not appreciably change the issue
of the analysis; the scale of the Y axis changed, but the comparison of
the three profiles would give virtually identical results.

Exercise 2 applies this approach in the opposite sense, i.e., building a
collection of soil profiles having exactly the same depth and the same
SOC stock, but increasing amounts of stones in all their layers. If the
whole soil volume is fixed, increasing CMF implies a decrease of FME,
and of the volume available for OC accumulation, too. Thus the %OC in
the fine earth must increase, in order to maintain the total OC stock.

The theoretical profiles are given in Table 2; the application of the
CCA to this set of profiles is given in Fig. 4. As shown in Fig. 4A, the
amount of OC per cumulative depth is the same in all four profiles. But
the comparison of SOC values per cumulative amounts of either FME
or TMM gives different results for the four profiles (Fig. 4 B,C). In a
real-field study, we would erroneously conclude that these profiles
store different amounts of OC.

Exercise 2 is unrealistic, because increased stoniness implies
decreased available soil volume, lower capacity of water storage
(m3waterm3 soil−1), lower plant production and, therefore, lower inputs
of dead organic residues (litter and roots). SOC storage should decrease in
such a situation. However, Exercise 2 shows that the CCA is prone to fail
when the plots under comparison differ strongly as to their richness in
blocks and stones.

2.3. Sampling method and sample treatment

The plot is sampled with a prismatic core sampler, which is intro-
duced into the soil with a hammer. The obtained core has 750 cm3 if a
complete prism is attained (5 × 5 × 30 cm), but it may be smaller when
it is not possible to reach 30 cm depth, or when the lowermost part of
the obtained core (say, 1–2 cm) is lost when the core sampler is removed
from soil. After extraction, the obtained core is divided in situ in four
layers: 0–1, 1–5, 5–15 and 15-d cm, with d being the maximum depth
attained. Taking the 0–1 cm as a distinct layer comes fromour experience
with forest soils, for this is the layer where the very contact between the
organic horizons (OH layer) and the first true mineral horizon (A1) hap-
pens. This contact is often irregular, and interpenetrations of a horizon
within the other are frequent. This does not make sense in crop soils,
where the 0–5 cm is taken as the first soil layer.

After air-drying, the several layers areweighed and sieved (2mm). A
subsample of the b2 mm fraction (fine earth) is finely ground for anal-
yses. The coarse fraction (N2 mm) is split between organic fragments
(roots, wood fragments) and gravel plus stones (coarse mineral frag-
ments in the i layer: CMFi). Both are weighed separately. All the obtain-
ed weights can be immediately translated to weights × m−2, simply
multiplying by 10,000 a−1, where a is the area of the core sampler, in
cm2 (in our case, 25 cm2).

The fine earth (FEi) is analyzed for organic carbon (by dichromate
oxidation, CHNS analyzer, or the method available). From the percent



Fig. 3. Results obtained in Exercise 1: changes in a given soil profile (profile 0) as a result of carbon sequestration. Fig. 3A and B shows the changes in the relationship between cumulative
FME and depth, and between the cumulative TMMand depth. Fig. 3C andD shows the cumulative OC, plotted against the cumulative FME and TMM. In Fig. 3C andD, the plots for profiles 1
and 2 have been fitted to double exponential equations.

Table 2
Results of exercise 2. Four profiles generated from the equations given in Section 2.2, with
the same total OC stock, same depth, but increasing stoniness (and, consequently, de-
creased amount of fine earth, and increased OC concentration in each later). CMF, FME,
TMM, SOC and FE are given in kg m−2. Db is given in g cm−3, and t (thickness) in cm.

Layer CMF FME TMM OC FE % OC Db t

Profile 0
1 0.98 21.18 22.17 0.50 22.04 2.27 1.26 2
2 2.95 47.82 50.77 0.60 48.85 1.23 1.50 4
3 4.33 119.21 123.54 0.80 120.59 0.66 1.75 8
4 7.87 246.07 253.95 1.10 247.97 0.44 1.91 15
5 11.81 379.09 390.90 1.00 380.81 0.26 2.12 21

Profile 1
1 1.97 16.67 18.64 0.50 17.53 2.85 1.17 2
2 5.91 32.94 38.85 0.60 33.97 1.77 1.36 4
3 8.66 94.77 103.43 0.80 96.15 0.83 1.66 8
4 15.75 198.66 214.41 1.10 200.55 0.55 1.82 15
5 23.62 302.19 325.81 1.00 303.91 0.33 2.03 21

Profile 2
1 2.95 12.34 15.29 0.50 13.20 3.79 1.06 2
2 8.86 19.12 27.98 0.60 20.15 2.98 1.15 4
3 12.99 71.32 84.31 0.80 72.70 1.10 1.55 8
4 23.62 152.95 176.57 1.10 154.85 0.71 1.72 15
5 35.43 228.09 263.52 1.00 229.81 0.44 1.92 21

Profile 3
1 3.94 8.21 12.15 0.50 9.07 5.51 0.91 2
2 11.81 6.66 18.47 0.60 7.69 7.80 0.77 4
3 17.32 49.09 66.41 0.80 50.47 1.59 1.40 8
4 31.50 109.35 140.85 1.10 111.25 0.99 1.59 15
5 47.24 157.53 204.78 1.00 159.26 0.63 1.77 21
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of organic carbon (%OC), ci, the total amounts of organic carbon (Ci), the
mineral fine earth (FMEi) and the total mineral matter (TMMi) in a
given i layer are obtained:

Ci ¼ FEi � ci=100ð Þ ð4Þ

FMEi ¼ FEi � 1– 1:724 ci=100ð Þ½ � ð5Þ

TMMi ¼ FMEi þ CMMi ð6Þ

where FEi is the total amount (weight) of fine earth obtained for the i
layer, and ci is the percent of organic carbon of this fine earth. The
amount ofmineralfine earth is obtained by subtracting the organicmat-
ter, estimated by the Van Bemmelen's factor (carbon × 1.724). This ap-
proach, albeit approximate, is in our view better than loss on ignition,
because ignition also causes losses in the constitutional water of clays,
and may greatly underestimate FME in clay-rich soils, very common in
the Mediterranean area.

Both Ci, FMEi and TMMi are accumulated with depth. Then, they are
fitted to a function. The amount of carbon in a given i layer results from
two independent phenomena: (i) the penetration into the soil of litter-
derived organicmatter, and (ii) the in situ accumulation of organicmat-
ter derived from dead roots. We may expect for both a negative expo-
nential shape, of the form

x ¼ A exp −kyð Þ ð7Þ



Fig. 4. Results obtained in exercise 2: application of cumulative coordinates approach to
four profiles with the same total depth and total SOC stock, but contrasting stoniness.
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whereas for its accumulation (either in depth, or with the cumulated
fine mineral matter) we should obtain a positive exponential equation,
in the form

x ¼ C 1– exp –kyð Þð Þ: ð8Þ

Therefore, if two origins of organic matter are to be pooled (i and ii),
the cumulative dynamics we should expect is a double-exponential
equation, in the form

x ¼ C1 1– exp –k1yð Þð Þ þ C2 1– exp –k2yð Þð Þ ð9Þ

even though of course k1 and k2may be very similar so that Eq. (9) may
become a single exponential one in practice.

This fitting may be performed either for each individual soil core
(Fig. 5A), or collectively for all soil cores from a given plot (Fig. 5B).
Both approaches allow to obtain a mean value per plot of the C amount
(CR) accumulated against a cumulative YR mineral fine earth or total
mineral matter (reference amount). While the first approach allows
obtaining a mean value ± deviation, thus allowing a standard compar-
ison of means, the second one allows a whole-curve comparison, and to
extract amore detailed description about how the C stock changes from
one plot to another.

2.4. An example of application

We applied our approach to the comparison of four plots near
Burgos, Spain. These plots were placed in low mountains (‘páramo’),
at 42°21′47″ N and 03°34′56″ W, and an altitude of 900–910 m. These
plots (about 2500 m2 each) were adjacent, and differed in land use:
crop (Zea mays, henceforth Zm), old forest (Quercus faginea, henceforth
Qf), and two pine stands, one on an abandoned crop (Pinus nigra, hence-
forth Pn) and another in an apparently never cropped, old barren land
(Pinus pinea, henceforth Pp).

The four plots were sampled following the abovementioned guide-
lines. Five coreswere randomly taken at each plot, except in the agricul-
tural plot, in which only four were obtained. The core sampler was
30 cm long, but this depthwas never reached owing to the big stoniness
of all plots below about 25 cm. After drying, sieving, and grinding a
subsample of thefine earth, organic carbonwas analyzed bydichromate
oxidation in an aluminum heating block at 155 °C (Nelson and
Sommers, 1996), total N by dry combustion in a ThermoQuest CNS
analyzer, carbonates by the calcimetermethod, soil pH inwater at a pro-
portion 1:2.5 (w/v), and texture by the pipettemethod. Table 3 summa-
rizes the main features of the four plots. Relevant differences between
them appear; thus the differences in their SOC stocks cannot be due
only to land use (current or past). A discussion of this point, however,
is outside the scope of this paper, which focuses on a methodological
problem.

We obtained in this way, for each depth layer, FE, SOC, and FME, all
of them in kg m−2. In order to compare our approach with other ones,
we obtained also TMM(totalmineralmatter),which is the total amount
of matter corrected by organic matter (i.e., FME plus gravel and stones).
The organic fragments N2 mm, not considered as ‘soil organic matter’
(Stevenson, 1982) were not included in our study.

We compared SOC storage in these four plots, by three contrasting
approaches.

a) Approach 1. This is the classical method, in which the SOC down to a
previously stated depth is calculated. First, the SOC of a given depth
layer (0–1, 1–5, 5–15 and 15–30 cm) is calculated, following Eq. 4.
The total SOC for each individual core is simply the sum of the
amounts obtained for each depth layer. Since 30 cm depth often
was not reached (Table 4), we took 25 cm as the standard depth
for comparisons. Thus in all cores the amount of C in the lowermost
layer (from 15 cm depth downwards) was corrected:

CCOR ¼ C � 25–15ð Þ= d–15ð Þ ð10Þ

where CCOR is the corrected SOC, C is the true (obtained) SOC, and d is
the lowermost depth reached. We essentially repeat the procedure
of Zan et al. (2001). The total FME and the amount of stones and
gravel of the lowermost layer were also corrected in this way.

b) Approach 2. For each individual core, the accumulated SOC with
depthwas fitted (i) to the accumulated FME, and (ii) to the accumu-
lated TMM, i.e. including gravel and stones. Double-exponential
curves (Eq. (9)) were applied (Fig. 5A). The obtained equations
were used to obtain, for each individual core, the accumulated SOC
(CR) corresponding to three previously chosen amounts of accumu-
lated FME and TMM: 200, 300 and 400 kg m−2. From the obtained
data (4 values for crop, 5 for each of the forest sites) we obtained
the mean values (Fig. 5A′), which were compared by standard
ANOVA, using SPSS v. 11.



Fig. 5. Treatment of data obtained by the cumulative coordinates approach. A: the data of each soil core are fitted to a theoretical curve, to obtain the SOC stock corresponding to a pre-
viously settled YR value, in this case 300 kg m−2 of fine mineral earth (FME). In this hypothetical example, four soil cores are taken from a plot, and for each core a theoretical curve is
obtained. From these curves, the value of SOC stock corresponding to the YR value is obtained for each core, andmeanvalue for the overall plot is calculated (graphA′). Thus the comparison
of several plots can be done on the basis of these mean values. An alternative strategy (graph B), is to plot all data for the four cores altogether, to obtain a single theoretical curve for the
whole plot. For the reference YR value a single C value is obtained; thus the statistical comparison of several plots must be based on the comparison of their curves.
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c) Approach 3. As in approach 2, the cumulative SOC was fitted to
(i) the cumulative FME, and (ii) the cumulative TMM. But in ap-
proach 3 thefit was performed for all the cores of each plot, taken al-
together: a single curve was obtained for each plot (Fig. 5B). The
statistical work deals with establishing whether there is a single
curve applicable to all plots, or whether a given plot is significantly
better explained by a particular, different curve. This is solved by
the statistic F (Cuadras, 1979):

F ¼ R2−R2 1ð Þ−R2 2ð Þ
mþ 1

� n1 þ n2−2m−2

R2 1ð Þ−R2 2ð Þ ð11Þ
Table 3
Main features of soils in the studied plots. Texture analysis performed on a single compos-
ite sample per depth per plot. For the rest of parameters, data are averages± standard de-
viations of n = 5, except for Zea mays (n = 4).

Deptha Textureb OCc N pHd Carbonatee

a) Crop, Zea mays (Zm)
0–5 Si Cl Lo 33.7 ± 4.5 2.9 ± 0.3 7.72 ± 0.09 7.0 ± 3.8
5–15 Si Cl Lo 26.3 ± 3.6 2.3 ± 0.3 7.91 ± 0.07 8.2 ± 3.2
15-d Si Cl Lo 19.2 ± 2.5 1.5 ± 0.1 7.88 ± 0.11 16.3 ± 12.2

b) Never cropped pine stand, Pinus pinea (Pp)
0–1 n.d.f 48.3 ± 21.2 3.1 ± 1.2 n.d. 0.3 ± 0.5
0–5 Cl Lo 29.3 ± 11.7 2.0 ± 0.8 7.28 ± 0.70 0.8 ± 1.0
5–15 Cl Lo 19.4 ± 6.8 1.3 ± 0.5 7.20 ± 1.03 1.4 ± 2.4
15-d Si Cl Lo 14.0 ± 1.3 1.1 ± 0.2 7.91 ± 0.17 10.7 ± 10.2

c) Pine stand on abandoned crop, Pinus nigra (Pn)
0–1 n.d. 36.0 ± 12.9 2.9 ± 0.9 n.d. 17.9 ± 13.5
0–5 Si Cl Lo 33.0 ± 9.5 2.4 ± 0.7 8.02 ± 0.13 20.5 ± 15.1
5–15 Si Cl Lo 26.0 ± 2.7 1.9 ± 0.4 8.01 ± 0.05 23.4 ± 16.7
15–d Si Cl Lo 21.0 ± 2.1 1.7 ± 0.2 8.02 ± 0.07 29.3 ± 18.0

d) Oak forest, Quercus faginea (Qf)
0–1 n.d. 87.2 ± 26.0 6.1 ± 1.2 n.d. 8.7 ± 4.7
0–5 Si Cl Lo 60.0 ± 9.4 4.3 ± 0.7 7.67 ± 0.09 11.8 ± 5.9
5–15 Cl Lo 34.7 ± 5.1 2.7 ± 0.4 7.89 ± 0.08 22.1 ± 3.2
15-d Cl Lo 17.5 ± 1.3 1.3 ± 0.1 8.02 ± 0.10 36.9 ± 9.4

a Depth in cm.
b Si Cl Lo: Silty clay loam; Cl Lo: Clay loam.
c Organic carbon (OC) and nitrogen (N) given in g kg−1.
d pH in water, proportion 1:2.5 w:v.
e Carbonate as CaCO3 equivalent, in % w:w.
f Not done.
which follows a Snedecor's Fwith (m+ 1) and (n1 + n2 − 2m− 2)
degrees of freedom. In this equation R2 is the sum of residual squares
of the overall curve (for both datasets), R2(1) is the sum of residual
squares of the curve 1 for the specific dataset 1, R2(2) is the sum of re-
sidual squares of the curve 2 for the specific dataset 2,m is the number
of parameters of the curve, and n1 and n2 are the numbers of points of
datasets 1 and 2, respectively. A crucial point in this comparison is that
the curves we compare must be identical as to their formulation:
i.e., theymust be all double-exponential, single exponential, parabolic,
etc., but we cannot compare by this test a single-exponential with a
double-exponential curve. In our case, all cumulative SOC data were
fitted to double-exponential curves, using NCSS®.

The curves for the different plots were compared following a previ-
ously settled sequence. (A) The global curve (curve 0: all plots altogether)
was obtained, and the residual sum of squares for each individual plot,
R2(0). (B) Every plot was also fitted to its own specific curve, and its spe-
cific residual sum of squares was obtained, R2(1). (C) The plot that most
detaches from the overall curve (highest R2(0)/R2(1) ratio) was tested:
a new curve was calculated for the rest of plots, and a new residual sum
of squares was obtained, R2(2). (D) Then the comparisonwas performed,
with curve 0, curve 1 and curve 2, by applying Eq. (11). If the difference
between curves 1 and 2 is significant, then curve 1 is taken as the right
one for dataset 1, which is removed from the whole. For the remaining
datasets the process (A–D) is repeated, until no specific dataset is signifi-
cantly detached from the rest. All calculations were performedmanually,
using a worksheet.
Table 4
Depth reached in the cores (d), in cm. Data are
averages ± standard deviations of n = 5, except for
Zm (n = 4). No statistical differences were detected
(p= 0.552).

Plota Max depth, d

Zm 24.25 ± 3.38
Pp 26.00 ± 2.42
Pn 26.30 ± 4.52
Qf 27.60 ± 2.90

a Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf,
Quercus faginea.



Table 5
Amounts of coarse mineral fragments N2 mm (CMF), coarse organic fragments N2 mm
(COF),fine earth (b2mm), and total organic carbon in the fine earth (OC). All data are giv-
en as kgm−2. In the forest plots (Pp, Pn and Qf) the data of depths 0–1 cmand 1–5 cmhave
been pooled, to allow a direct comparison with the crop plot (Zm). Data are averages ±
standard deviations of n = 5, except in the crop (Zm), where n = 4. Within a given col-
umn, and for a given depth, data followed by different lowercase letters differ, at p=0.05.

PlotA CMF COF Fine earth OC

a) 0–5 cm
Zm 15.90 ± 16.52 0.92 ± 1.35 38.02 ± 3.78b 1.28 ± 0.18b
Pp 0.32 ± 0.68 0.69 ± 0.41 53.97 ± 8.23a 1.76 ± 0.46b
Pn 15.31 ± 9.53 0.24 ± 0.12 35.11 ± 5.99b 1.16 ± 0.23b
Qf 3.95 ± 3.86 0.33 ± 0.05 42.28 ± 6.57ab 2.82 ± 0.88a

b) 5–15 cm
Zm 43.09 ± 8.37ab 0.27 ± 0.26 116.05 ± 26.30ab 3.02 ± 0.54
Pp 10.88 ± 21.83a 0.46 ± 0.30 132.01 ± 27.69a 2.56 ± 1.06
Pn 46.94 ± 24.61ab 0.24 ± 0.20 78.92 ± 5.39b 2.04 ± 0.15
Qf 69.96 ± 18.02b 0.19 ± 0.06 79.45 ± 20.35b 2.78 ± 0.86

c) 15–25 cmB

Zm 67.02 ± 62.33 0.03 ± 0.02 108.52 ± 41.28ab 2.14 ± 0.92
Pp 15.63 ± 27.13 0.25 ± 0.17 152.85 ± 28.88a 2.12 ± 0.28
Pn 63.47 ± 27.03 0.23 ± 0.19 76.84 ± 18.00b 1.60 ± 0.35
Qf 81.05 ± 27.56 1.82 ± 2.03 91.04 ± 22.15b 1.60 ± 0.43

A Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.
B Data for the deepest layer, 15-d, have been recalculated for a standard depth of 25 cm.
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3. Results

3.1. Results of approach 1

Table 5 summarizes the stocks of fine earth, and the organic carbon
associated to it, for the four plots and at three depths (not accumulative).
In the forest plots (Pp, Pn and Qf), all layers b5 cm deep (0–1 cm and
1–5 cm)have beenpooled in a single one (0–5 cm), to allow adirect com-
parisonwith the crop.Differences betweenplots arise. Thehigh variability
hampers the detection of differences for some parameters (e.g., coarse or-
ganic fragments, COF); but for others the four plots clearly differ. Stoni-
ness (CMF) is very low for the Pp stand, at all depths, and high in the
rest of the plots. Whereas in the crop (Zm) and the Pn stand stoniness is
distributed along the soil, in the Qf stand stoniness increases with depth.

Since the SOC stock depends on the amount of fine earth, it is worth
to study this parameter in detail. The big amount of fine earth in the
crop was expected, owing to the soil compression due to the use of
heavy agricultural machinery and stone removal due to agricultural
management. The highest accumulation of fine earth is found in the
Pp stand, at all depths. The amounts of fine earth are notably low in
the Pn and Qf stands.

As to SOC stocks, in the first 5 cm the oak stand stores significantly
more than the other three plots. Below the 5 cm threshold significant
differences were no longer observed. It is noteworthy that, leaving
aside whether differences are significant or not, SOC stocks below
5 cm depth are always highest in the crop soil.
Table 6
Cumulative amounts, down to 25 cm depth, of coarse mineral fragments N2 mm (CMF),
coarse organic fragments N2 mm (COF), fine earth (b2 mm), and total organic carbon in
the fine earth (OC). All data are given as kg m−2. Data are averages ± standard deviations
of n= 5, except in the crop (Zm), where n = 4. Within a given column, data followed by
different lowercase letters differ, at p = 0.05.

PlotA CMF COF Fine earth OC

Zm 126.01 ± 84.08a 1.22 ± 1.39 262.60 ± 28.17b 6.43 ± 1.01ab
Pp 26.82 ± 30.33b 1.41 ± 0.70 338.83 ± 27.08a 6.44 ± 1.58ab
Pn 125.73 ± 49.62a 0.70 ± 0.27 190.87 ± 24.64c 4.81 ± 0.50b
Qf 154.97 ± 28.09a 2.34 ± 2.00 212.77 ± 30.22bc 7.20 ± 0.91a

A Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.
These trends translate to the cumulative SOC stored down to 25 cm
depth (Table 6). The oak plot (Qf) still stores the highest SOC stock
(N7 kg C m−2), but not significantly more than the crop nor than the
Pp stand (both about 6.4 kg). The Pn plot stores the lowest amount,
just 4.8 kg.

3.2. Results of approach 2

Fig. 6 shows the curves obtained by fitting, for each individual soil
core, the cumulative C values as a function of both cumulative FME
(up) and cumulative TMM (down). Even though all curves were fitted
to the same equation (double-exponential), the shape of the obtained
curve may differ considerably from one soil core to another. Tables 7A
and 7B shows the parameters of the obtained curves. Very often it is
possible to obtain a curve that exactly fits the obtained data (R2 = 1).
Lower R2 values (b0.98) are obtained when the core had some irregu-
larities (for instance, a very irregular distribution of stoniness).

From these curves, we calculate for each core three CR values, those
corresponding to 200, 300 or 400 kg of either FME (Table 8, up) or TMM
(Table 8, down). By taking FME in the Y axis, cumulative SOC amounts
become ordered Qf N Zm= Pn N Pp, even though differences are not al-
ways significant. This result substantially differs from that obtained in
approach 1. In contrast, by taking TMM in the Y axis we obtain similar
results as those obtained in approach 1: SOC stocks become ordered
asQf N Pp= Zm N Pn, even though differences are not always significant.
For 400 kg of accumulated TMM the position of Zm and Pp changes; but
the main result is maintained: cumulative SOC amounts are highest in
the oak forest (Qf), lowest in the Pn stand, and intermediate under
crop (Zm) and Pp.

3.3. Results of approach 3

The application of approach 3 to our plots is shown in Fig. 7. In
Fig. 7A, the several plots show homogeneous patterns of incorporation
of C to the fine earth, b2 mm. The pattern is very consistent for Qf, and
also for Zm and Pn. In contrast, data dispersion is considerable for Pp.
The amounts of accumulated FMEvary between plots, being really note-
worthy in the Ppplot. Adding stones to the Y axis (Fig. 7B) increases data
dispersion for all datasets. For some (notablyQf and Pp) the relationship
between cumulative SOC and the Y axis is less consistent than in Fig. 7A.

Table 9 summarizes the curves obtained for each plot, taking into
consideration all points. Of course, R2 values were much lower than
those obtained for the individual cores (compare with Tables 7A and
7B), owing to the within-plot variability. However, double-exponential
curves describe well the cumulative storage of C with FME; and differ-
ences between plots can be seen just by eye. For TMM fits are always
worse than for FME, thus reflecting the increase in data dispersion
when stones are added to the Y axis.

The curve comparison sequence gave the following results:

1) Taking FME as the Y axis (Fig. 7A). The dataset for Qf significantly
splits from the rest, for its residual variance was by large the highest
one (F = 15.96; p b 0.0001). In the second round, the residual vari-
ance of the Pp setwas highest. Nevertheless, the F of Cuadraswas not
significant in this case: the datasets for Pp, Pn and Zm seem properly
fitted by a single and common curve. In summary, the curve compar-
ison sequence yields two groups, one with the Qf dataset, and the
other with the rest of the data (Fig. 7A′).

2) Taking TMM as the Y axis (Fig. 7B). Again the dataset for Qf splits
from the rest: the F of Cuadras was highly significant, thus the indi-
vidual curve for Qf was taken as the right one. A new curve was
recalculated for the rest of the data. In this second step, the dataset
for Pn split from the other two (Zm and Pp). No further splits were
detected. In summary, the curve comparison sequence yields three
groups, one with Qf, another with Zm+ Pp, and finally a third with
Pn data (Fig. 7B′).



Fig. 6. Comparison of SOC stocks in the four studied plots, applying approach 2 for data treatment, i.e. plotting individually the data from each soil core and fitting them to a double-ex-
ponential curve. In the upper line of graphs, the Y axis is the accumulated FME (finemineral earth), i.e. the approachwe propose in this paper; in the lower line of graphs, the Y axis is the
accumulated TMM (total mineral matter, including gravel and stones), i.e. the approach most usually found in the literature.
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4. Discussion

4.1. Comparison with previous CCAs

The concept of CCA, shown in Fig. 2, is easy to understand. Themain
discussion point is what we should take into account in the Y axis of
Fig. 2. Gifford and Roderick (2003) consider in the Y axis the whole
soil mass; only the coarse organic fragments (mainly roots) are exclud-
ed. In addition, the organic matter of the fine earth is also accounted for
Table 7A
Curve fitting, part 1. Fitting the cumulative Cwith depth to exponential curves of the form
y= f (x),where y is the cumulative amount of organic carbon andx is FME, the cumulative
amount of mineral (organic matter-free) fine earth, b2 mm.

y = C1 (1–exp(−k1x)) + C2 (1–exp(−k2x))

Plota Core C1 k1 C2 k2 R2

Zm 1 11.79972 0.00158 8.88712 0.00158 0.9989
2 11.73062 0.00218 0.67675 0.02367 1
3 15.84814 0.00182 0.53130 0.02993 1
4 5.73718 0.00543 10.80089 0.00118 1

Pp 1 0.51916 0.10887 12.37261 0.00224 1
2 0.73061 0.09216 11.35819 0.00436 1
3 1.02157 0.02630 15.16184 0.00104 1
4 0.19172 0.09008 15.29639 0.00140 1
5 16,181.50 7.809 e−7 0.81137 0.05700 0.9995

Pn 1 1.69808 0.01810 256.97258 7.783 e−5 N0.9999
2 0.76325 0.02083 260.58406 7.289 e−5 N0.9999
3 8.87135 0.00220 4.28123 0.00220 0.9998
4 1655.86068 1.411 e−5 1.23742 0.03958 0.9999
5 14.71036 0.00119 10.23053 0.00119 0.9987

Qf 1 4.32249 0.04296 2018.16805 8.383 e−6 N0.9999
2 0.16948 5.61968 7.59475 0.00955 N0.9999
3 0.92045 0.05388 6.81149 0.00885 1
4 0.18792 0.09608 11.03274 0.00553 1
5 0.05215 2.94619 10.06231 0.00780 N0.9999

a Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.
in the Y axis. Actually this is the most common practice (e.g., Wuest,
2009).

This is in contrast with the original ‘equivalent soil depth’ concept
(Jenkinson, 1971), the depth to which the soil contains a given amount
of ‘ignited material’: this term wasmeant to equalize the basis for com-
parison of contrasting profiles. While the concept seems logical, its ap-
plication was difficult for a long time. In the original method the
comparison of two plots involved sampling them to unequal depths:
the plot assumed to have the smallest Db was sampled 5 cm deeper
Table 7B
Curve fitting, part 2. Fitting the cumulative Cwith depth to exponential curves of the form
y= f (x), where y is the cumulative amount of organic carbon and x is TMM, the cumula-
tive amount of total mineral matter (organic matter-free) including the CMF N2 mm.

y = C1 (1–exp(−k1x)) + C2 (1–exp(−k2x))

Plota Core C1 k1 C2 k2 R2

Zm 1 0.51389 0.01087 21.57294 0.00108 1
2 9.83919 b0.00001 6.54198 0.00371 0.9852
3 0.53698 0.03578 16.19198 0.00116 1
4 0.95385 0.01735 17.94112 0.00129 1

Pp 1 0.43271 0.13123 10.02680 0.00302 1
2 0.72234 0.09284 11.06977 0.00450 1
3 25,449.4899 b0.00001 0.93712 0.04608 0.9984
4 5.70529 0.00422 0.88526 0.00422 0.9995
5 11,958.4095 b0.00001 0.84633 0.05311 0.9998

Pn 1 4.60831 0.00632 0.33991 0.05307 1
2 0.17974 0.02679 6.27455 0.00266 1
3 3.29074 0.00351 2.81278 0.00351 0.9977
4 7.47296 0.00316 0.33505 2.94894 0.9999
5 5.67187 0.00513 0.96677 0.00513 0.9945

Qf 1 4.77173 0.04279 9152.1797 b0.00001 0.9998
2 0.21807 5.46825 6.13549 0.00983 0.9999
3 5.28555 0.00293 2.30682 0.03892 1
4 0.75096 0.04190 8.16592 0.00567 1
5 4.80155 0.01695 310.6577 0.00003 1

a Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.



Table 8
Predicted cumulative amounts of stored C (CR values), for selected YR values, i.e. cumula-
tive amounts of (a) FME, SOM-free fine earth, and (b) TMM, total mineral matter, includ-
ing gravel and stones. Means for the amounts calculated for each individual core. All data
are given as kg m−2. Data are averages ± standard deviations of n=5, except in the crop
(Zm), where is n=4.Within a given row, data followed by different lowercase letters dif-
fer, at p = 0.05.

YR PlotA p

Zm Pp Pn Qf

a) Cumulative C against cumulative FME, b2 mm
200 5.46 ± 0.52a 4.72 ± 1.57a 5.22 ± 0.61a 7.30 ± 0.65b b0.001
300 7.29 ± 0.72ab 6.18 ± 1.72a 7.24 ± 0.83ab 8.45 ± 1.06b 0.058
400 8.77 ± 0.93 7.40 ± 1.66 9.14 ± 1.15 9.17 ± 1.15 0.187

b) Cumulative C against cumulative TMM
200 4.24 ± 0.62ab 4.26 ± 1.52ab 3.52 ± 0.53a 5.74 ± 0.61b 0.030
300 5.72 ± 0.93 5.81 ± 1.71 4.40 ± 0.59 6.54 ± 0.74 0.086
400 6.97 ± 1.27 6.84 ± 1.72 4.99 ± 0.62 7.11 ± 0.86 0.082

A Zm, Zea mays; Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.

Table 9
Fitting to double-exponential curves, taking all cores of a given plot all together. Parame-
ters for the obtained curves for (a) fine mineral earth (FME) as the Y axis, and (b) total
mineral matter (TMM), including gravel and stones, as the Y axis.

y = C1 (1–exp(−k1x)) + C2 (1–exp(−k2x))

Plota C1 k1 C2 k2 R2

a) Over cumulative FME
Zm 1.33461 0.01649 12,504.2549 b0.00001 0.9864
Pp 1.14953 0.03518 51,539.7239 b0.00001 0.8749
Pn 5.92229 0.00517 1.79421 0.00517 0.9745
Qf 3.66467 0.02478 22,950.9568 b0.00001 0.9783

b) Over cumulative TMM
Zm 4.26792 0.00395 3.73809 0.00396 0.9312
Pp 6.98497 0.00474 0.68316 0.00474 0.8368
Pn 4.92456 0.00559 0.44868 0.00559 0.9658
Qf 4.62748 0.02043 8637.9304 b0.00001 0.9552

a Zm, Zea mays (crop); Pp, Pinus pinea; Pn, Pinus nigra; Qf, Quercus faginea.
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than the other. These extra 5 cm were then sieved and weighed when
still moist, and after estimating its dry weight, partly returned to its
original core, to restore just the amount needed to equalize the amount
of dry mass of this core with that of the denser one. As mentioned by
Gifford and Roderick (2003), the procedure is time-consuming and
prone to many errors. However it should be possible to retain the un-
derlying concept, putting it into practice by using the CCA approach:
this is our proposal, essentially.
Fig. 7. Comparison of SOC stocks in the four studied plots, applying approach 3 for data treatmen
and A′, the Y axis is the accumulated FME (finemineral earth), i.e. the approach we propose in
gravel and stones), i.e. the approachmost usually found in the literature. In A and B the four theo
three, after theCuadras' test of curve comparison: in A′ Zm, Pp and Pnbecome pooled in a single g
single curve (**).
In Jenkinson's approach soil was sieved (2 mm) to remove gravel
and stones from the account of soil mass. Gifford and Roderick (2003)
consider this a mistake, for they argue that gravel and stones are also
part of the soil system. We consider, however, that the approach of
Jenkinson deserves reconsideration. First, because fine earth (or some
of its components, such as clays or oxides) stabilizes organic matter;
gravel and stones do not play this role. Second, because fine earth may
suffer compression and expansions (changes in Db, owing to the faunal
action, to compaction by heavy machinery, or simply to the changes in
SOMcontent),while stones do not. The cumulative coordinates approach,
t, i.e. plotting all together all data of a given plot and fitting them to a theoretical curve. In A
this paper; in B and B′ the Y axis is the accumulated TMM (total mineral matter, including
retical curves are given, one for each plot. In A′ andB′ the four curves are reduced to two or
roup and a single curve (*), whereas in B′ Zm and Ppbecomepooled in a single group and a
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as a tool to correct the distortions due to changes in soil compaction,
losses part of its sense if the Y axis includes soil components not affected
by such phenomena.

Nevertheless, a main result of our Theoretical analysis (Section 2.2) is
that when applied to the comparison of analogous soils, differing only in
their degree of compaction, in theory both options (i.e., including stones
in the Y axis, or not) give the same or very similar results. Therefore, the
inclusion or not of stones in the Y axis should be a less relevant matter
than previously assumed. The choice, thus, must rely on additional
considerations.

One reason to prefer cumulative FME as the Y axis, evidenced in the
example shown in this paper, is the increased dispersion introduced in
the dataset when stones are added to the Y axis. In approach 2, when
TMM is the Y axis the variance of the cumulative OC is usually higher
in relative terms (i.e., as % of the mean) (Table 8). In approach 3, the
R2 values of the fitted curves are always lower when TMM is taken as
the Y axis (Table 9). The increased variance is a relevant point, because
a highwithin-plot variancemay hamper the detection of significant dif-
ferences between plots.

A second reason to prefer FME for the Y axis, excluding coarse min-
eral fragments, is that it allows comparing towhat extent thepotential C
storage capacity of the soils is being actually used. Instead of data about
how much C is there down to a given depth, we compare plots on the
basis of how much C is stored by the uppermost Y kg m−2 of mineral
fine earth, irrespective of how compressed this fine earth is. This is a di-
rect solution to the problem illustrated in Fig. 1, but in addition offers in-
teresting possibilities for further analysis: it should be possible to relate
the degree of use of the potential C storage to parameters of the FME
such as texture (clay content), clay type, richness in free forms of iron
or aluminum, or abundance of carbonates. This kind of analysis should
be more difficult taking TMM as the Y axis, because stones, which do
not stabilize C, may account for a substantial fraction of the cumulative
TMM weight.

However there is a third option, which is to take both FME and TMM
for the Y axis, in a complementary way. In our example, taking TMM in
the Y axis led to results similar to those obtained in the classicalmethod:
the results of approach 2 are similar to those of approach 1, i.e. the four
plots become classified (leaving aside statistical significances) as
Qf N Pp= Zm N Pn. In contrast, if only FME is considered for the Y axis,
then in approach 2 the four plots become classified as Qf N Zm =
Pn N Pp, which is a substantial change. The change in the position of
the Pp plot is due to its very low stoniness. As shown in our theoretical
analysis, substantial differences in stoniness may completely distort the
results of any CCA, irrespective of the Y axis chosen. In our example, the
comparison of the results obtained taking or not stones in the Y axis
allows precisely to detect plots that differ enough from the others to be
not directly comparable by means of a cumulative coordinates approach.
4.2. Two important choices

The application of the CCA the way we suggest in this paper needs
two important choices: (1) we must choose the appropriate YR value
(cumulative amount of FME, in kg m−2) for comparisons of SOC stocks
in contrasting plots, and (2) we must choose the most appropriate way
of treating the numerical information gathered.

For choice 1, wemust stress that the appropriate YR valuewill depend
on how deep the soil has been sampled. Thus, Zan et al. (2001) reached
60 cm depth, far deeper than most authors. In contrast, we sampled our
plots down to 30 cm (not always reached, as mentioned), which is the
depth recommended by IPCC (1997), and also the depth applied by
Gifford and Roderick (2003) and Wuest (2009). This limits the range of
possible values for YR because a mass of, say, 1000 kg m−2 cannot be
reached in just 30 cm of depth. Gifford and Roderick (2003) recommend
using the uppermost 400 kg m−2 of soil material (fine earth, gravel and
stones) as the basis to compare SOC stocks. For FME, a lower value, such
as 300 kg m−2, seems a more appropriate figure, and this is the criterion
we suggest to compare SOC stocks.

As to choice 2,wemust stress that the two approacheswe applied to
our CCA proposal (approaches 2 and 3) did not yield exactly the same
results. Thus in approach 2, taking the cumulative FME as the Y axis,
the high variance hampered to significantly detach Qf values from
those of Zm or Pn stands (Table 8). In contrast, in Fig. 7A (approach
3) the Qf plot detaches from the rest clearly, throughout the graph.
Since both approaches are right in mathematical terms, this means
that they do not give exactly the same information. Approach 3 gives
a panoramic view about how the soil capacity to accumulate C is effec-
tively used throughout the profile, whereas approach 2 may be more
useful if the aim is to compare SOC stocks for a fixed amount of (upper-
most) mineral earth. Both approaches are complementary; both are
useful if used altogether.

A main difference between approaches 2 and 3 is that in the former
the cumulative CR value of a given plot is calculated as the average of the
CR values obtained for each single core. Thus, to determine this average
cumulative CR all cores are equally relevant. In contrast, if a single curve
is obtained for a given plot, from all cores altogether (approach 3), the
cores reaching the highest amounts of cumulative FME or TMM will
have a higher weight in determining the shape of this curve, and thus
in determining CR. We see clearly this feature in Fig. 7. This may distort
the estimation of CR value for a given plot, but it could be preferable to
approach 2 if the researcher suspects an irregular C distribution with
depth, and considers safer to give more relevance to the cores reaching
the previously settled YR value.

Both problems (best YR value, best data treatment) can be solved al-
together by choosing a YR value reached by most if not all the cores ob-
tained from a given plot. That is, avoiding taking a single and universal
YR value, but deciding in each case the most appropriate for the studied
dataset. The drawback of such a solution is that the optimum YR is ex-
pected to differ for each site. Thus a universal criterion to compare soil
C stocks in plots from contrasted areas and studied by different re-
searchers — the aim of our proposal indeed —would never be reached.
A fixed YR value must be a compromise choice, useful in contrasting cli-
mates and situations, even though it may be not the ideal one for a spe-
cific site.

4.3. Strength and limitations of our approach

Some aspects of our approach seem obvious: dividing soil cores in
layers, studying each layer separately, fitting the cumulative data of C
content versus a previously decided Y axis, and calculating from this
curve CR, the amount of SOC corresponding to a previously settled YR
value. These steps were already mentioned by Gifford and Roderick
(2003) as a possible strategy, but discarded mainly for economic rea-
sons. However the advantages of our sampling procedure surpass this
possible inconvenience, at least for research purposes.

A main detail of our approach is the lack of any a priori supposition
about the right depth to be sampled. In previous proposals (Gifford
and Roderick, 2003; Jenkinson, 1971) a previous knowledge of soil den-
sity (at least approximate) is necessary, in order to calculate the depth
(D) to which the soil must be sampled:D is the depth at which a certain
value of the Y axis is attained: a certain amount of either total mineral
matter, total matter (including organic matter), and total mineral fine
earth, etc. To obtain D the soil is sampled first, down to a given depth
d, and next to a second depth d′ (d′ N d); the right depth,D, must be be-
tween both (d′ N D N d), and may be calculated by linear extrapolation.
This implies that an approximate value for Dmust be known a priori: if
unknown,D could be bd, and the soil sampling should be repeated. Such
a situation is not necessarily uncommon, because in field studies plots
with unexpectedly high or low soil bulk densities can be found. Actually
the double sampling appears in many proposals, one way or another
(Ayanaba et al., 1976; Gifford and Roderick, 2003; Jenkinson, 1971;
Powlson and Jenkinson, 1981). In contrast, in our approach the cores
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are studied in away thatDmaybe extrapolated,whatever the bulk den-
sity of soils in the studied plots. As shown in Tables 7A and 7B, since at
least three points x,y are obtained per soil core a good curve may be
fitted, even when the reference Y value (YR) is out of the scale, as it oc-
curs in our Pn plot. Of course, such an extrapolation cannot be done
when YR is exaggeratedly out of scale; a situation, however, not expect-
ed to be too common.

Nevertheless a main limitation remains. Our CCA proposal success-
fully solves the problem of correcting the distortions due to the phe-
nomena of soil compaction/extension, but it does not properly solve
the problem of comparing plots with ample differences in stone con-
tent. According to our theoretical analysis (exercise 2) this is not a spe-
cific drawback of our proposal: it is common to all CCAs, for it arises
also when TMM is taken as the Y axis for comparisons. The setup of
sound methods and criteria for the comparison of SOC storage in plots
widely differing in their stone content remains a challenge for future
research.

5. Conclusion

Instead of comparing the C stored in the uppermost 30 cm of soil, as
suggested by IPCC, we suggest to compare the amount of C stored by the
uppermost 300 kgm−2 ofmineral fine earth, obtained through a cumu-
lative coordinates approach. This method corrects the distortions due to
soil compaction (for instance, owing to the use of heavy machinery) or
extension (for instance, owing to the SOC accumulation herself, which
reduces bulk density).

Our approach is useful in a wide variety of situations, provided the
core sampler can be introduced in the soil. Extremely stony, fissural pro-
files where the core sampler cannot be introduced, cannot be studied in
this way. Leaving aside these extreme cases, however, the method can
be applied to compare plots strongly differing in bulk density. Its useful-
ness applies also to studies on agricultural soils, affected by strong tem-
poral changes throughout the year due to soil preparation, plowing or
harvesting.
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