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ABSTRACT

Measuring changes in fixed depth (FD; e.g. 0-30 cm) soil organic carbon (SOC) stocks is problematic if soils have
compacted or expanded, i.e. if bulk density (BD) has changed. In theory, equivalent soil mass (ESM) remedies
this. But in practice ESM is an approximation whose accuracy (systematic error) has not been evaluated
empirically or compared to the FD baseline. We sampled 72 soil cores (0-75 cm) across six sites (central USA) of
two regionally representative soils (Mollisols and Alfisols). SOC concentration and BD were measured at 2.5 cm
depthwise intervals (dataset provided) to support this novel empirical evaluation of ESM accuracy. Under
moderate BD changes (& 2.5 cm, or about 0.1 g cm™3), 0-30 cm FD measurements had systematic errors up to 8%
(5 Mg ha™1), which would substantially distort SOC stock change estimates. Linear ESM using those single layer
measurements improved accuracy somewhat in Mollisols but not Alfisols. Measuring a 30-35 cm “correction
layer” substantially reduced systematic error in both soil types using linear and especially spline ESM (< 1.5% or
0.5 Mg ha™!). Of practical importance, pooling the correction layer did not sacrifice accuracy while substantially
reducing ESM cost. For deeper soils (60 cm), FD was less inaccurate but ESM with multiple layers further
improved accuracy. We conclude with recommendations on when and how to use ESM for accurate and cost-
effective SOC stock change estimation in the two major soil types of central USA. However, caution is war-
ranted when estimating SOC changes with short timescales, more extreme BD changes (e.g. = 5 cm), and other

soil types.

1. Introduction

However, it has long been recognized that the FD paradigm is fallible
due to changes in BD. For example, suppose that between tp and t;, SOC

Accurate measurements of changes in soil organic carbon (SOC)
stocks are essential for experimental research, soil survey, carbon ac-
counting and crediting, and as inputs into biogeochemical modeling.
Changes in SOC stocks are traditionally estimated using the fixed depth
(FD) paradigm: soils are initially sampled at time ¢, to a selected depth
(e.g. 0-30 cm) and SOC stocks are measured (by measuring SOC con-
centration and bulk density, BD). At a later time t;, SOC stocks are re-
measured to the same depth. Their difference is reported as the SOC
stock change.

stock does not change but that the soil is compacted. Then an FD sample
at t;, compared to tp, will contain more soil and therefore more SOC
stock, leading to the incorrect conclusion that SOC stock has increased.
To address this, the equivalent soil mass (ESM) paradigm has been
developed (Ellert and Bettany, 1995; Wendt and Hauser, 2013). Instead
of comparing SOC stocks in a fixed depth of soil (e.g. 0-30 cm; Fig. 1a),
the ESM paradigm compares SOC stocks in a fixed mass of dried mineral
soil (e.g. 0-3 Gg ha™!; Fig. 1b). In the above example, under ESM the
same amount of soil will be sampled at both times, leading to the correct
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Fig. 1. Two measurement paradigms for estimating changes in soil organic
carbon (SOC) stocks of (a) fixed depth (FD) and (b) equivalent soil mass (ESM)
differ in how the bottom of the sample layer (blue dashed line) is defined. In FD,
it is defined by a depth (cm). In ESM, it is defined by a dry mineral soil mass (Gg
ha™1). Modified from United States Department of Agriculture (2016).

conclusion of no change in SOC stock. Past studies have found that ac-
counting for changes in BD using ESM leads to substantially different
estimates of SOC stock change compared to FD (e.g. Peng et al., 2024;
Don et al., 2011).

When re-measuring a fixed depth of soil, BD may change for a variety
of reasons, in particular at surface depths (< 30 cm) and under agri-
cultural land use. Some of these reasons, such as management changes
(e.g. tillage, crop rotation) or climatic conditions (e.g. drought), may
reflect real changes. Other changes are more superficial consequences of
the measurement process itself. For example, when resampling a loca-
tion, the sampling point moves but short-range variability implies the
BD measurement will change (Poeplau et al., 2022; Potash et al, 2025).
And while it is best practice for resampling to occur at the same time of
year as the initial sampling, this is not always practical. For example,
initial sampling may occur in the fall before tillage, but we may be
forced due to weather conditions to resample after tillage. In this
example, BD changes not because of a change in tillage but because of a
change in the timing of sampling. However, we emphasize that both real
and superficial BD changes can threaten the wvalidity of FD
measurements.

The ESM paradigm accounts for apparent BD changes by shifting the
soil sampling frame from a given depth of soil to a mass of soil. ESM SOC
stocks could be measured directly by drying intact cores to remove all
moisture and then removing soil from the bottom depth until the target
mass is reached (Wuest, 2025). However, this approach works on a
whole mass basis, whereas ESM has typically been defined on a fine
earth fraction (< 2 mm) and mineral soil basis, i.e. excluding coarse
fragments and organic matter. Moreover, fully drying intact soil cores
can take days and removing soil mass from the bottom depth of an intact
core is not feasible for soils with coarse texture or insufficient structural
integrity.

Since direct measurements of ESM SOC stocks are challenging and
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labor intensive, they are not generally performed and in practice
approximated by ESM adjustments. An ESM adjustment takes FD mea-
surements and adjusts them through interpolation and extrapolation to
approximate ESM SOC stocks. A variety of such ESM adjustment
methods have been proposed (Ellert and Bettany, 1995; Lee et al., 2009;
Rovira et al., 2015; von Haden et al., 2020) varying primarily by the
number of FD measurements employed and their approximation method
such as linear or spline.

While ESM adjustments avoid the challenges of direct ESM mea-
surement described above, evaluating adjustments remains a challenge
precisely because of the challenges of direct ESM measurement. Past
studies have evaluated ESM adjustments using two approaches. The
most common approach is to simulate BD and SOC concentration depth
distributions (Lee et al, 2009; von Haden et al, 2020; Fowler et al., 2023;
Rovira et al., 2015). These evaluations are useful, but rely on synthetic
rather than empirically measured soils data and typically ignore spatial
variation and measurement error. The second approach is empirical but,
due to a lack of ground truth ESM measurements, has not been able to
assess systematic errors (i.e., accuracy) of ESM adjustments. Thus the
empirical approach either evaluates agreement between adjustment
methods (Lee et al, 2009; Peng et al., 2024) or evaluates random error
(Boivin et al., 2025).

As a result, evaluations of ESM to date have either used simulated
data or used empirical data but were unable to evaluate systematic er-
rors. Our scientific objective was therefore to quantify the accuracy of
ESM adjustments as well as FD measurements through empirical eval-
uation. We looked at the effect on accuracy of (1) different ESM
adjustment methods (none, linear, and spline); (2) depthwise measure-
ment designs (e.g. 0-30, 30-35 cm; Table 1); (3) soil types (Alfisols and
Mollisols); and (4) initial soil depth (30 and 60 cm). Based on the results
of these analyses we generated recommendations for future studies. This
novel empirical evaluation of ESM systematic errors was enabled by
finely sectioned measurements (2.5 cm depth intervals) of 72 soil cores
(0-75 cm depth) across six sites (central USA).

2. Methods
2.1. Equivalent soil mass adjustments

It is typically not feasible to directly measure ESM SOC stocks (see
introduction). Instead, we make FD measurements (albeit with error) of
SOC concentration and BD. Then ESM adjustment is a prediction prob-
lem: given FD measurements and a reference mass, the adjustment seeks
to predict the SOC stock at the reference mass.

We assume paired resampling, i.e. the same locations are sampled at
tp and t;. It is convenient to make an FD (e.g. 0-30 cm) measurement at
top and define the reference mass to be the mineral soil mass of this
sample. Then the ESM SOC stock change simplifies because at tj the ESM
SOC stock by definition simply equals the direct FD measurement. Thus
only the t; ESM SOC stock requires ESM adjustment (equation S1). We
leverage this insight to evaluate the errors of ESM adjustment for SOC
stock change using measurements at a single point in time (section 2.3).

2.1.1. ESM adjustment methods

A variety of ESM adjustments have been proposed in the literature
(Peng et al., 2024). In this study we consider three main techniques
(Fig. 2; see supplementary text for formulas):

(1) Fixed depth (FD): measure a single layer of soil and do not adjust.

(2) Linear adjustment: assume a constant SOC concentration within
each soil layer.

(3) Spline adjustment: the cumulative SOC stock curve of multiple
layers is interpolated using a monotonic smoothing spline (e.g.,
Hyman spline) (von Haden et al., 2020).

Linear adjustment can be performed using a single soil layer, but can
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(a) Single layer
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(b) Multiple layers
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Fig. 2. Illustration of ESM adjustment: FD measurements (green triangles) are inputs to ESM adjustment prediction (blue square) of true ESM SOC stock (black star).
Panels are the number of FD measurement layers used by ESM adjustment: (a) single layer, e.g. 0-30 cm; or (b) multiple layers, e.g. the correction layer design of
0-30, 30-35 cm (section 2.1.2). Columns are BD change scenarios (section 2.3.1). Rows are ESM adjustment methods (section 2.1.1). ESM adjustment error is the
vertical distance between ESM adjustment (blue square) and true ESM SOC stock (black star) and is typically larger with a single layer (a) compared to multiple

layers (b).

benefit by measuring multiple layers to better identify SOC near the
reference mass (Fowler et al., 2023). Following Boivin et al. (2025),
when multiple soil layers were sampled (e.g. 0-30, 30-35 cm) we used
the deepest layer (30-35 cm) for linear adjustment. Spline adjustment
requires at least two soil layers. We implemented the ESM adjustment
methods in the R programming language and our code is provided.

2.1.2. Depthwise measurement designs
An important consideration for ESM adjustment is the depthwise

Table 1

measurement design, that is how the intact soil core is sectioned into
fixed depth layers to measure BD and SOC concentration (Table 1). The
design may involve one (fixed or linear adjustment) or multiple (linear
or spline adjustment) soil layers (Fig. 2). For example, consider an initial
sample of 0-30 cm. To estimate SOC stock change, we may simply follow
up with another 0-30 cm sample (i.e. single layer design, Table 1).
However, we may supplement the follow-up sampling with a measure-
ment at 30-35 cm (correction layer design) (Boivin et al., 2025). The
purpose of a correction layer is to provide information to the adjustment

Depthwise measurement designs being evaluated. Each design consists of one or more FD soil layers. Each layer is either measured independently at each location
(default; solid gray in figure), pooled across locations (composited and measured once; hatched), or averaged across locations (measured independently then averaged,
as in meta-analysis; double hatched). The applicable initial sampling depth and adjustment methods for each design are indicated.

Design name Specification Initial Adjustment methods
depth (cm)
Figure Layers (cm) 30 60 Fixed Linear Spline
Single layer I:I 0-30 v 4 4
Single layer | | 0-60 v v v
Correction layer 0-30, v v v
30-35
Correction layer pooled 0-30, v v v
30-35 pooled
Multilayer 0-30 v v v v
| | | 30-60
Multilayer summary 0-30 averaged v v v v

30-60 averaged
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method (linear or spline) about SOC near the reference mass. Thus, a
correction layer is expected to be more important in a soil where SOC is
changing more abruptly, such as in mollic epipedon transition of Mol-
lisols (Fig. 3).

In addition to single layer and correction layer designs, we also
considered three practical alternatives. The first is to use the same
30-35 cm correction layer but to pool all of the correction layer samples
across cores at a site into a single measurement. Proposed by Boivin et al.
(2025), this pooled correction layer offers the practical advantage of
substantially reducing laboratory costs.

The second alternative we considered is to section the cores from 0 to
30 and 30-60 cm (multilayer design). In this case, the 30-60 cm layer
serves as a correction layer. While sampling to 60 cm can require more
resources than sampling to 30 or 35 cm, the 0-30 and 30-60 cm design is
relevant to soil surveys and research studies which already sample
multiple depths but not a relatively thin correction layer.

The final alternative we considered was to operate on average
measurements of the 0-30 and 30-60 cm layers (multilayer summary).
This design is relevant for meta-analysis and other secondary analyses
that apply ESM adjustment to FD measurements reported in the litera-
ture without having access to data at individual locations (e.g., Don
et al., 2011).

(A) Reference measurements

Soil order
Mollisols
Alfisols
Other

6°N -
95°W 90°W

Fig. 3. Sampling designs. (a) depthwise measurement design of soil cores into
13 sections for analysis and (b) six sites in Illinois, USA including 3 Alfisols
(red) and 3 Mollisols (green).
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2.2. Study data

To support ESM adjustment evaluation, we sampled six agricultural
sites in Illinois, USA, selected to represent the two dominant soil orders
of the region: Alfisols and Mollisols (Table 2). Following crop harvest in
fall 2024, we collected 12 intact soil cores (4.4 cm diameter) per site
using a hydraulic probe to a target depth of 75 cm. The cores were
located using a stratified random sampling design to capture spatial
variability within the site.

The intact cores were first sliced in 15 cm sections down to 75 cm
depth. Then, centered at each of 30 cm and 60 cm, four 2.5 cm sections
were sliced. For example at 30 cm, this resulted in 25-27.5, 27.5-30,
30-32.5, and 32.5-35 cm sections (Fig. 4). In total, we analyzed 13
sections per core, slicing at the following depths: 0, 15, 25, 27.5, 30,
32.5, 35, 45, 55, 57.5, 60, 62.5, 65, and 75 cm. With 12 cores per site
and 6 sites we analyzed a total of 932 layers (4 layers missing due to
cores < 75 cm final depth). Sections were weighed, air dried at 24C, and
gently ground by mortar and pestle to pass a 2-mm sieve and remove
rocks and roots. A 10-20 g subsample was oven dried at 105C for 16 h to
constant mass to measure oven-dried BD given the known soil volume.
Samples with pH > 7.2 were acidified using HCl vapor to remove car-
bonates (Potash et al., 2023) and SOC concentration was measured by
dry combustion.

2.3. Evaluation

Past empirical studies have been unable to assess ESM accuracy
because they have not measured ground truth ESM SOC stocks.
Measuring such stocks is labor intensive and potentially infeasible.
Moreover, capturing a variety of depthwise measurement designs
(section 2.1.2), soil types (with different characteristic SOC profiles) and
BD change scenarios (varying degrees of soil compaction and expansion)
increases this challenge further.

In this study we overcome these challenges using the following cross
validation logic. If a 0-30 cm FD measurement were made at tp and the
soil compacts for example by 2.5 cm, then at t; the desired ESM SOC
stock is equivalent to an FD SOC stock of 0-27.5 cm. So we can evaluate
a given ESM adjustment method (e.g. spline) and measurement design
(e.g. 0-30, 30-35 cm) by using it to predict 0-27.5 cm SOC stock and
comparing it to the measured value. In order to implement this, we
would need to measure the ground truth (e.g., 0-27.5 cm SOC stock) as
well as the inputs (e.g. 0-30, 30-35 cm SOC and BD). Thus by finely
slicing soil cores (section 2.2), we can leverage this idea to simulta-
neously evaluate many possible measurement designs and compaction
and expansion scenarios. Notably, this evaluation does not involve t;
measurements, so that we can implement it using measurements at a
single point in time which we interpret as t;.

2.3.1. Evaluation implementation

Here are the details of our implementation of the above cross vali-
dation logic. At each site we evaluated ESM methods by (1) depthwise
measurement design, (2) adjustment method, and (3) BD change sce-
nario (Fig. 4). For example, we evaluated the correction layer design
with linear adjustment and under a compaction scenario. To perform
this evaluation, we first sampled (statistically) a target depth for each of
the 12 cores at the site from the BD change scenario distribution (Fig. 5).
This was used to determine the ground truth SOC stock for each core, as
well as the reference mass for adjustment. Next we simulated the mea-
surement process that would have occurred under the specified mea-
surement design by aggregating the finely sectioned measurements. For
example, we aggregated to 0-30 cm, and 30-35 cm depth. To account
for measurement error, we add random errors to these measurements
with standard deviation of 2% for BD and 4% for SOC (Potash et al.,
2025). Finally we apply the specified adjustment method (e.g. spline) to
these measurements to make an ESM prediction.

Given these ground truth and predicted ESM SOC stock values at
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Table 2
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Characteristics of soil sampling sites. Soil taxonomy and properties are estimated by USDA NRCS Soil Survey Geographic Database (SSURGO). Abbreviations: mean

annual precipitation (MAP), mean annual temperature (MAT).

Site Lon, Lat Climate USDA soil taxonomy Soil properties
MAP MAT Order Subgroup Texture A horizon thickness (cm)
(cm) Q)

Boon —88.8, 42.3 101 9 Alfisols Typic Hapuludalfs Silt loam 18

Chri —89.2,39.8 103 12 Mollisols Typic Endoaquolls Silty clay loam 43

Craw —87.7,39.0 125 13 Alfisols Aquic Hapludalfs Silt loam 20

Merc —90.6, 41.3 104 10 Mollisols Aquic Argiudolls Silt loam 33

Ogle —89.1, 41.9 97 9 Mollisols Aquic Argiudolls Silt loam 41

Sali —88.7, 37.6 132 14 Alfisols Typic Fragiudalfs Silt loam 5

—
TR e TR
o

Fig. 4. ESM empirical evaluation workflow. Evaluation parameters in green, examples listed in italics.

Scenario: Compact

Scenario: Expand

wo og :yidep [enu|

Frequency

wo 09 :yidep [enu|

=X -

20 10 +10 +20

20 10 0 +10 +20

ESM soil depth change (cm)

Fig. 5. Bulk density change distributions used to evaluate ESM adjustment errors. The distributions are lognormal with mean + 2.5 cm (expansion) and —2.5 cm

(compaction) and standard deviation 7.5%.

each of the 12 locations at the site, we averaged across the 12 locations
to obtain ground truth and predicted SOC stock averages. Their differ-
ence is the ESM prediction error. For each specification, we repeated this
process 200 times to capture the BD change distribution as well as
measurement variability. Finally, given these 200 errors, we summarize
with the systematic error (accuracy) and random error (precision). The
systematic error is the mean and the random error is the standard de-
viation. Random errors are less concerning than systematic errors,
which do not diminish with increased sample size.

To generate the BD changes for our evaluation (section 2.2), we used
lognormal distributions. The study sites were not re-measured so we

relied on other data to inform these distributions (von Haden et al.,
2020; Bauer and Black, 1981; Don et al., 2011). We selected our mod-
erate expansion and compaction scenarios to have mean changes of plus
and minus 2.5 cm with standard deviations of about 7.5%, i.e. 0.075 on
the log scale (Fig. 5). We also considered more extreme mean changes of
plus and minus 5.0 cm (Fig. S1). To use these continuous BD change
distributions in our evaluation we discretized them to align with the
sampling depths at our six evaluation sites (supplementary
information).
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3. Results

Measured SOC stocks at the six sites followed the patterns expected
by their mapped soil types (Fig. 3). Specifically, the SOC stocks of
Alfisols tended to be lower and have a more abrupt decline with depth
than Mollisols over 0-75 cm depth (Fig. 6). This trend was driven by SOC
concentration rather than BD (Fig. S2).

3.1. Initial sampling depth 30 cm

With a single 0-30 cm layer of measurements, there are two ap-
proaches: FD (no adjustment) and linear adjustment. As expected, in
both the compaction and expansion scenarios, systematic errors under
FD were large (2-8%, Fig. 7a; or 1-5 Mg ha™!, Fig. $3). Linear adjust-
ment reduced these errors for Mollisols (2-4%; or 1-3 Mg ha’l). How-
ever, errors remained similar for Alfisols and in one case (Sali site,
expansion scenario) were substantially increased.

Next we considered adding a correction layer measurement of 30-35
cm with two ESM adjustment methods: linear and spline (Fig. 7a). With
linear adjustment, systematic errors were reduced below about 2% in
both soil types (1 Mg ha™1). Spline adjustment reduced systematic errors
further, to less than about 1.5% (0.5 Mg ha’l). Random errors were also
reduced from 2-3% without a correction layer to 1-2% with a correction
layer (Fig. S4).

Thus we have established acceptable ESM adjustment performance
using both linear and spline methods with the correction layer depth-
wise measurement design. Next we considered three alternative depth-
wise measurement designs of practical interest. First, when pooling the
correction layer across a site, we found almost no degradation of ESM
adjustment performance (Fig. 7a), despite reducing the number of soil
measurements by almost half. Moreover, random errors were also not
substantially affected (Fig. S4). Second, with a 0-30, 30-60 cm multi-
layer design (e.g. soil surveys or research plots), spline adjustment
continued to have low systematic error of < 3% or 1 Mg ha!, but linear
adjustment exhibited up to 5% or 3 Mg ha™! systematic error (though it
outperformed splines on Alfisols). Lastly, when performing ESM
adjustment on summary data (site-level), performance was degraded
only slightly compared to ESM adjustment on primary data (location-
level).

(a) Location
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3.2. Initial sampling depth 60 cm

We also evaluated ESM adjustment errors following an initial sam-
pling depth of 60 cm. We considered depthwise measurement designs of
both a single layer and multiple layers. Compared to 30 cm results
above, FD changes for 60 cm had smaller systematic errors in both
relative terms (< 3%, Fig. 7b) and absolute terms (< 2 Mg ha™l, Fig. S3).
This occurred because SOC density near 60 cm in these soils was smaller
than SOC density near 30 cm (Fig. 6) both absolutely (g crn’s) and
relatively (compared to cumulative SOC stock to that depth). Another
discrepancy was that linear adjustment without a correction layer had
consistently higher systematic error than FD. This was due to average
SOC in the 0-60 cm layer being substantially different from SOC at the
adjustment depth of 60 cm (Fig. 6). Adjustment with multiple layers
reduced errors to below around 1.5% (1.5 Mg ha™1). As with 30 cm, 60
cm adjustment was not substantially affected by using only summary
data.

4. Discussion
4.1. Summary of findings

We empirically evaluated the systematic errors of ESM adjustments
for SOC stock change under moderate BD changes (+ 2.5 cm) with both
0-30 cm and 0-60 cm initial measurements. For 0-30 cm initial mea-
surements, we found that re-measuring the 0-30 cm layer with no
adjustment (FD) would result in the largest systematic error of up to 8%
or 5 Mg ha~! (Fig. 7, $2). Linear adjustment of the single layer reduced
systematic errors in Mollisols to around 3% or 2 Mg ha™!, but offered no
benefit for Alfisols. This discrepancy is a consequence of the fact that
SOC density declines more abruptly in the soil profile of Alfisols than
Mollisols (Fig. 6). Since the magnitude of annual SOC stock changes is
commonly much less than 1% or 1 Mg ha™! y! (e.g. Sanford et al.,
2012), our results suggest that the widespread use of FD for SOC stocks,
or even single-layer linear ESM adjustment, can substantially distort
estimates of SOC stock change.

However, measuring a correction layer (e.g. 30-35 cm) reduced
systematic errors substantially with linear and especially spline adjust-
ment (< 1.5% or 0.5 Mg ha1). This would enable relatively accurate

(b) Soil order

Site: Boon Site: Craw Site: Sali
2.0 —— —
= — >
—_ = 2.04
_— = == S
- == =T 5
@ — — = —
v e —— (s}
5 === T==E|
S 5]
= ~
% Site: Merc Site: Ogle §
3 L L i 2]
(©] R = (G
=11 - Q 10
o =1 - — » "
2] == ] =
—=_ — =
—— ———— 73
- - o
—-__ - W
- L
= - e 0.5
== R = ———
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0 20 40 60 0 20 40 60 0 20 40 60 20 40 60

Soil depth (cm)

Soil order

Soil depth (cm)

Alfisols === Mollisols

Fig. 6. Depthwise SOC density distributions (a) for each of the six sites (n = 12 cores per site to a target depth of 75 cm) and (b) summarized by soil order using
LOESS. Three sites were Mollisols and three were Alfisols. See Fig. S2 for SOC density distributions by mineral soil mass instead of depth.
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(a) 30 cm initial depth
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Single layer Correction layer Correction layer pooled Multilayer Multilayer summary
0-30 cm 0-30 cm 0-30 cm 0-30 cm 0-30 cm averaged
30-35 cm 30-35 cm pooled 30-60 cm 30-60 cm averaged
2
(o)}
2 ¢
o
3 ‘ b 0
/;;g“ """" ) === .’—_ == "'_'."""’" L A— ."' L — ._."
> Fixed Linear Linear Spline Linear Spline Linear Spline Linear Spline
° §
= (b) 60 cm initial depth
0
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2
»
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Adjustment method

Fig. 7. Systematic errors under FD and ESM adjustment in estimating SOC stock change around (a) 30 cm and (b) 60 cm. Each panel is a depthwise measurement
design. Points and bars show median and range, respectively, of magnitude of systematic errors across 6 sites and two scenarios (compaction and expansion).

longer-term (e.g. > 5 year) monitoring relative to typical rates of SOC
stock change (e.g. 5% or 5 Mg ha™!). For 0-60 cm initial measurements,
FD remeasurement resulted in smaller systematic errors but adjustment
with multiple layers (e.g. 0-30, 30-60 cm) also reduced systematic er-
rors at this greater depth. Under more substantial BD changes (+ 5 cm,
see methods) FD systematic errors became extremely large (up to 20% or
11 Mg ha™1) while spline ESM with multiple layers kept errors under 4%
or 2 Mg ha™! (Figs. $5-S6).

4.2. Recommendations

Based on our findings, we can make recommendations for agricul-
tural Alfisols and Mollisols in central USA (Fig. 3) and more broadly soils
with similar depthwise SOC distribution (section 4.3). We note that in
the WRB taxonomy, Alfisols are generally classified as Luvisols and
Mollisols are classified as Chernozems (IUSS Working Group WRB,
2022). These are major soils of the USA, where they occupy 22% and
14% of land area, respectively, as well as globally, where they occupy
7% and 10% of land area, respectively (University of Idaho, 2026).

For < 30 cm stock measurements, we strongly recommend against
FD and single layer linear ESM in favor of using multiple layers to
perform linear or spline ESM. For deeper soil (>60 cm), FD may result in
systematic errors that are acceptable for estimating SOC stock change on
long timescales if BD changes are moderate. However, ESM with mul-
tiple layers reduces systematic errors which may be necessary for shorter
timescales or more extreme changes in BD.

Our results show that pooling the correction layer across cores into a
single sample did not substantially increase errors (Fig. 7a, panel 3),
suggesting that relatively accurate ESM adjustment can be performed
without substantially increasing lab analysis costs. Moreover, perform-
ing ESM adjustment with summary data only (e.g., meta-analysis) also
did not substantially increase errors, suggesting that studies that do not
perform ESM adjustment themselves can be accurately corrected post-
hoc provided that BD and SOC concentration are reported.

Our results address SOC stock changes, but hold direct implications
for SOC stock treatment effects (Potash et al., 2025). The treatment effect
(also known as dynamic baseline change) is the difference in change
under a treatment management (e.g. cover cropping) from the change
under a baseline or control management (e.g. no cover cropping). The
systematic error in estimating the treatment effect is equal to the dif-
ference in systematic errors for estimating change under each manage-
ment. If the systematic errors for the managements are similar in both
direction and magnitude, they cancel each other out and the treatment
effect will be estimated more accurately than the change under each
management. This optimistic scenario is plausible when BD changes are
similar under both treatment and control, i.e. treatment does not affect
BD and sampling conditions are consistent across sites. However, this is
often unrealistic as many treatments have been found to affect BD, e.g.
expansion under cover cropping (Yan & Arthur, 2025). In such cases, the
systematic errors do not cancel and treatment effect estimation will be
subject to systematic error, elevating the need for ESM adjustment
following the above recommendations.

4.3. Limitations and future work

For soil types other than the Alfisols and Mollisols studied here, we
recommend considering the depthwise distribution of SOC in the soil
profile to assess the extent to which our results translate. This may be
done on the basis of prior information such as soil surveys at similar
sites, or initial measurements at the target site. If the soils differ in their
SOC distribution substantially from ours (Fig. 6), we recommend per-
forming a similar empirical evaluation of systematic errors for ESM
adjustments for the target soil.

We observed subtle differences in systematic errors between Alfisols
and Mollisols such as under linear adjustment with a single 0-30 cm soil
layer (see above). Overall, however, the patterns between these soil
orders were very similar. This is encouraging for the generalizability of
our results to other soils, as the replicated soils of these two orders bound
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a diversity of vertical SOC distributions (Fig. 6). Potential outliers may
include organic soils (e.g., Histosols, Gelisols) or soils with O horizons,
such as Inceptisols under forest land use. Soils with a sharp discontinuity
in SOC distribution at depth (e.g. plow layer, E horizon, fragipan, buried
horizons) warrant caution in the application of ESM near this
discontinuity.

A limitation of all of the ESM adjustments in the literature and
evaluated here is that they do not quantify prediction uncertainty. Thus
we must rely on studies such as the present one to provide estimates of
the possible systematic and random errors. A need for future research is
the development of ESM adjustments that quantify their prediction
uncertainty. For example, kriging is an interpolation method that
quantifies uncertainty and is widely used in soils research.

5. Conclusion

We present the first empirical evaluation of the systematic errors of
FD and ESM adjusted SOC stock measurements, made possible by finely
sectioned measurements (2.5 cm depth intervals) of soil cores to 75 cm
depth (dataset provided). Our results show that under moderate BD
changes in a variety of central USA soils (Alfisols and Mollisols), 0-30
cm FD measurements substantially distort estimates of SOC stock change
with large systematic errors. We find that ESM adjustment with this
single 0-30 cm layer is insufficient for reducing systematic errors to an
acceptable level for SOC stock change estimation. However, ESM
adjustment with multiple layers consistently and substantially reduces
systematic errors, enabling accurate estimation of SOC stock changes.
Moreover, we find that ESM can be made cost effective by using a pooled
“correction layer” which substantially reduces costs while not degrading
accuracy. For deeper soil measurements (0-60 cm), the systematic er-
rors of FD measurements are smaller and may be less problematic, but
accuracy can be further improved by ESM with multiple layers.
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