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ABSTRACT

Handling Editor: Ingrid Kögel-Knabner

Permanganate oxidizable carbon (POXC) is increasingly used in soil health assessments as an indicator of labile
or active soil organic carbon (SOC). The POXC method owes its popularity to its rapidity and low cost and its
responsiveness to soil management. However, the method’s sensitivity to variation in methodological parameters
may compromise the comparability of POXC values across soils. Here, we measured the effects of soil mass and
the method of sample homogenization (grind size) on POXC values for a set of 42 soil samples, representing
diverse geographic areas and soil types of the USA. Total SOC contents ranged from 3.0 to 288.4 g kg−1. Ten
treatments, combinations of five sample masses (0.25–5.0 g) and two grind sizes (< 2 mm, < 0.18 mm), were
evaluated for POXC based on Weil et al. (2003). Results showed that POXC values decreased exponentially with
increasing soil mass used, while analytical variability decreased as well. Decreasing grind size from < 2 mm
to < 0.18 mm increased POXC values by 49% and decreased analytical variability. Strong correlations between
POXC values obtained at two different soil masses (r = 0.91–0.97) or grind sizes (r = 0.96) indicate that general
trends in POXC values across soils are maintained irrespective of soil mass or grind size, but the results are not
interchangeable since POXC values differ considerably. Therefore methodological parameters, including soil
mass and intensity of soil homogenization, should be strictly controlled to ensure comparability. However,
standardizing soil mass presents a challenge for its use in national monitoring schemes as none of the soil masses
yielded results within the method’s quantitation limits for all soils included in our sample set.
A more fundamental problem challenging the comparison and interpretation of POXC values relates to the use
of a fixed soil mass for POXC analysis across soils with different SOC contents. Whereas the initial amount of
MnO4− is fixed, the amount of SOC that takes part in the oxidation reaction is soil specific and not controlled for
when using a fixed soil mass. This leads to variation in the [MnO4−] : SOC mass ratio during the reaction, which
affects the size and the biochemical composition of the fraction of total SOC being oxidized. We conclude that
the POXC method falls short as an analytical method for measuring a well-defined C pool. Performing POXC
analyses based on a fixed SOC mass may improve comparability of POXC values across soils with contrasting
SOM contents, but would compromise the main advantages of the POXC method in terms of simplicity, speed
and low-cost.
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1. Introduction
In recent decades there has been growing demand for indicators of
soil health. Soil organic matter (SOM) or soil organic C (SOC) is a key
property to measure because it supports important soil and ecosystem
⁎

functions such as nutrient storage, carbon sequestration, and provides
an energy source for the soil community (Schmidt et al., 2011;
Stockmann et al., 2013). However, although total SOC has been widely
recognized as a key indicator of soil health or soil quality (Bünemann
et al., 2018), it responds too slowly to changes in soil management or
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disturbance to enable timely guidance for sustainable soil management
(Lefroy et al., 1993; Marriott and Wander, 2006). Therefore, scientists
have attempted to develop early indicators of SOC change and lability,
associated with biological activity and potential nutrient mineralization
(Blair et al., 1995; Bongiorno et al., 2019) and more recently, SOM
stabilization (Cotrufo et al., 2013, 2015; Hurisso et al., 2016).
For over thirty years, potassium permanganate (KMnO4) oxidation
has been used to assess the size of a labile versus total SOC pool. Lefroy
et al. (1993) distinguished SOC fractions with incremental degrees of
‘lability’ based on the amount of total SOC oxidized using MnO4−
concentrations varying from 0.333 to 0.033 M that were added to soil
samples containing a fixed amount of 15 mg SOC. The fraction oxidized
by 0.333 M KMnO4 was then used for the calculation of a Carbon
Management Index (Blair et al., 1995). A simplified and less hazardous
method for routine quantification of a readily oxidizable SOC fraction
was developed by Weil et al. (2003), using a more dilute solution
(0.02 M MnO4−) and a standard soil mass (5.0 g), instead of SOC mass,
and a short oxidation time. Weil et al. (2003) reported that shaking of
air-dried soil in a 0.02 M KMnO4 solution for 2 min produced consistent
and management sensitive results, both in the laboratory and in the
field using a hand-held colorimeter, and that the addition of a floccu
lant (CaCl2) to the permanganate solution could replace the centrifu
ging step prescribed by Lefroy et al. (1993) and Blair et al. (1995).
Further modification by Culman et al. (2012a) and Culman et al.
(2012b) employed a lower sample mass (2.5 g). The popularized
methods of Weil et al. (2003), Culman et al. (2012a) and Culman et al.
(2012b)) and variations thereof (Table 1) target the SOC fraction
readily oxidized by 20 mL of 0.02 M MnO4− and are generally referred
to as permanganate-oxidizable carbon (POXC).
Various publications have reported that POXC is sensitive to
changes in soil management (Weil et al., 2003; Moebius-Clune et al.,
2016; Soil Health Institute, 2017; Bongiorno et al., 2019) and correlates

with total SOC (Culman et al., 2012b; Margenot et al., 2017; Rennert
et al., 2017) and with soil biological properties such as mineralizable C,
C-mineralizing enzyme activities, and microbial biomass C (Weil et al.,
2003; Margenot and Hodson, 2016; Margenot et al., 2017). According
to Culman et al. (2012b), POXC demonstrated greater sensitivity than
particulate organic C, microbial biomass C or total SOC to variation in
soil management and/or environmental conditions and can be used
routinely to measure “a relatively processed pool of labile soil C”. More
recently, Hurisso et al. (2016) suggested that POXC is positively asso
ciated with management practices that increase SOC in the long-term. A
further attraction for POXC method is its simplicity, low cost and ra
pidity without the need for expensive equipment, hazardous chemicals,
or specialized laboratory technicians.
In the past decade, there has been a rapid increase in the use of the
POXC method for studying soil health and/or SOM cycling in temperate
(e.g., Hurisso et al., 2016; Bongiorno et al., 2019) and tropical (e.g., de
Moraes Sá et al., 2014; Margenot et al., 2017; Thoumazeau et al., 2019)
agricultural systems. The growing demand among governments, ex
tension agencies and farmers to monitor soil health at national and
regional scales (Bünemann et al., 2018; Moebius-Clune et al., 2016; Soil
Health Institute, 2017) has further intensified interest in indicators such
as POXC. Recently, POXC was endorsed by USDA NRCS to monitor soil
health across the United States as a method to measure a readily
available pool of “active C” that supports the microbial population
(Stott, 2019). Similarly, in the European Union, research is being con
ducted on the suitability of POXC as a general soil health indicator (e.g.,
Van den Elsen et al., 2019; Hanegraaf et al., 2019).
Despite its logistical advantages and purported interpretive value,
uncertainties exist concerning the robustness of the POXC method and
its comparability across soils due to its sensitivity to multiple metho
dological parameters (Blair et al., 1995; Gruver, 2015). Moreover, im
portant considerations when validating any method are the accuracy,

Table 1
Summary of sources of variability in permanganate oxidizable carbon (POXC) measurements and how these are being accounted for in widely used standard
protocols.
Source of variation
(methodological)

Published findings

Relevant studies

Proposed protocols for POXC assay

[MnO4−]

↑ [MnO4−]
↑ POXC

20 mL of 0.02 M KMnO4

Soil mass (g)¥

↑
↓
↑
↓

Lefroy et al. (1993)
Bell et al. (1998)
Weil et al. (2003)
Gruver (2015)

Soil preparation

Soil mass
POXC
Mesh size
POXC

Weil et al. (2003)
Hurisso et al. (2018a) and
Hurisso et al. (2018b)

Degree of soil drying

↑ Degree of soil drying
↑ POXC

Weil et al. (2003)

Drying temperature

Drying temperature (air drying, oven drying at 45 °C, 65 °C)
did not cause a large shift in POXC

Gash et al. (2020)

Shaking duration

↑ Shaking duration
↑ POXC
Not available
Not available

Weil et al. (2003)
Gruver (2015)
Not available
Not available

The pH of the stock MnO4− reagent did not affect POXC; Any
significant effects of pH on POXC likely result from differences
in soil pH

Gruver (2015)

Shake intensity
Settling time (excl. shaking
duration)
pH of 0.2 M KMnO4 stock
solution
1

[1,2,3,4]

5 g [1]
2.5 g [2,3,4]
Not specified [1]
“Soil sample standard prepared with same
grinding in the same manner as the unknown
samples” [2]
Sieving over 2 mm mesh [3,4]
“All samples being compared should
be of equal dryness“ [1]
Air-dried to constant weight [2,3,4]
“All samples being compared should be of equal
dryness” [1]
Air-dried to constant weight [2,3,4]
2 min

[1,2,3,4]

120 rpm [1,2,3,4]
10 min [1,2]
8 min [3,4]
pH 7.2 [1,2,3,4]

Weil et al. (2003).
Culman et al. (2012a) and Culman et al. (2012b).
3
Schindelbeck et al. (2016).
4
Stott (2019).
¥
Some protocols recommend to adjust soil mass when absorption levels are very low or final MnO4- concentrations are outside certain limits (Soil Survey Staff,
2014a; Schindelbeck et al., 2016).
2

2
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precision, repeatability and reproducibility of the method, measured as
analytical variability (Wade et al., 2018). Important factors that have
not been standardized across the widely-used POXC protocols are soil
mass used and the grind size for sample homogenization (Table 1).
Culman et al. (2012b) reduced the recommended 5.0 g soil mass from
Weil et al. (2003) to 2.5 g without any rationale to support this mod
ification. A possible explanation is that using a soil mass of 5.0 g on a
high SOC soil would result in complete or near complete MnO4− con
sumption, exceeding the method detection limit. However, combining
the recommended 0.40 mmol MnO4− with either 5.0 g soil (Weil, et al.,
2003) or 2.5 g soil (Culman et al., 2012a, 2012b) may lead to different
POXC values when the concentration (20 mM) and volume (20 mL) of
MnO4− do not combine to provide sufficient excess of permanganate to
maintain linearity of the relationship between soil mass and the fraction
of MnO4− reduced, over the range of SOC levels in the sample set being
assessed (Gruver, 2015).
Another factor impacting POXC measurements is the method of
sample homogenization. While the majority of routine chemical soil
analysis is performed on soil material that is crushed to pass a 2 mm
mesh, soil grinding using a Wiley or ball mill is commonly performed to
improve method precision. Widely used POXC protocols (e.g., Weil
et al., 2003; Culman et al., 2012a, 2012b; Schindelbeck et al., 2016;
Stott, 2019) specify assay parameters such as shake duration and in
tensity, but sample homogenization procedures are not specified in all
cases and the soil mass used may vary (Table 1). Published studies
reporting POXC measurements employed varying methods of sample
homogenization, including sieving over 2 mm versus crushing to <
0.1 mm (Weil et al., 2003), or even a range of mesh sizes from < 0.5
to < 2 mm (Culman et al., 2012b). Hurisso et al. (2018a) reported that
decreasing the sieving size from < 4 mm to < 2 mm increased POXC
values, indicating that the lack of standardization of the method of
sample homogenization likely adds to the multiple sources of variation
in measured POXC values.
The objectives of our study were to (i) quantify the impact of the soil
mass and grind size used for sample homogenization on POXC results
across a diverse and representative range of USA soils; and (ii) evaluate
the degree to which soil mass and grind size influence analytical
variability of POXC values. We hypothesized that, for a given soil
sample, the POXC values obtained increase with decreasing soil mass
due to the non-linearity of the relation between soil mass and the
fraction of MnO4 reduced (Gruver, 2015). With further expect that a
decrease in grind size increases POXC values, because more intense
grinding will increase the proportion of SOC exposed to the oxidation
reaction. The analytical variability is a measure of the precision or re
peatability of the method in a given lab and is expected to decrease with
increased intensity of sample homogenization (i.e. decreasing grind
size) and with greater soil mass. Based on the results obtained, we
discuss implications for the robustness of the POXC method and the
comparability of POXC values across edaphically diverse soils.

(4.3–8.5; mean 6.2) and clay content (3.6–47.0%; mean 21.5%) ([da
taset] Wills et al., 2020). The geographic origin of the selected samples
(Fig. S1) and the distribution of SOC concentrations, clay contents and
pH values (Fig. S2) are included in the supplementary materials.
Before archiving at room temperature (method 1B1b2a2), the
samples had been dried in a low temperature oven at 30–35 °C for
3–7 days (method 1B1b2) and crushed to < 2 mm, using a roller on a
flat, metal plate covered with paper to crush the peds (method 1B1b2b).
Clayey soils without coarse fragments were crushed using a laboratory
jaw crusher (Retsch, Model BB200). Analyses for soil characterization
were performed on dry and crushed (< 2 mm) soil and results were
reported on an oven-dry basis. Total soil C was determined by dry
combustion (method 4H2a1-3a1) and total SOC was calculated by de
ducting inorganic carbon, if present (method 4E1a1a1a1-2), from total
carbon. Soil pH was determined in a 1:1 water solution. Particle-size
analysis was determined by sieve and pipette, following pre-treatments
for removal of organic matter and soluble salts and chemical dispersion
with sodium hexametaphosphate (method 3A1a1a). All methods are
described in the KSSL Manual (Soil Survey Staff, 2014a).
2.2. Experimental design and treatments
The experiment was a 2 × 5 factorial with 3 replications of the
following treatments: 2 methods of sample homogenization (< 2 mm
and < 0.18 mm grind size) and 5 soil sample masses (0.25, 0.5, 1.0, 2.5,
or 5.0 g). To prepare < 0.18 mm material, ~15 g of crushed soil
(< 2 mm) was finely ground using a planetary ball mill with silicon
nitride bowls and balls to pass a 0.18 mm mesh, except for the organic
soil, where ~50 g soil was ground in a Wiley mill to pass a 0.18 mm
mesh. In the remainder of the text we refer to those two treatments as
“grind size”.
2.3. POXC determinations
The POXC method involves reacting a dilute MnO4− solution with a
soil sample of a given mass for a fixed time. The MnO4− solution has a
deep violet color that fades as SOC oxidation consumes MnO4−. The
color of the supernatant after reaction is measured via spectro
photometry and related to the remaining MnO4−. A low absorbance
value thus signifies high POXC. POXC was determined according to
method 6A2a1a1 in the KSSL Manual (Soil Survey Staff, 2014a), based
on Weil et al. (2003). Briefly, soil was mixed with 20 mL of 0.020 M
KMnO4 in 50 mL centrifuge tubes. Each sample was thoroughly mixed,
allowed to stand for 10 min, and then centrifuged for 10 min at
2000 rpm. A 0.5 mL aliquot of the supernatant was combined with
49.5 mL of deionized water in a 50 mL tube and mixed by inversion.
This extract was transferred by pipette to cuvettes and absorbance
(550 nm wavelength) was determined on a 4-point calibrated UV–Vi
sible spectrometer (Agilent Technologies, Cary 60 UV–Visible Spectro
meter). Each analytical replicate was analysed within the same batch,
on the same day, by the same analyst, using the same spectro
photometer. A new standard curve was made daily and applied to all
POXC batches that were analysed on that day. POXC was calculated
from absorbance (Eq. (1)).

2. Materials and methods
2.1. Soil sample selection
Forty-two samples soil were selected from the Kellogg Soil Survey
Laboratory (KSSL) archive using a conditioned Latin hypercube sam
pling scheme (cLHS software; Roudier et al., 2012). The cLHS protocol
uses an objective function to select samples that represent the dis
tribution of all available auxiliary variables. The 42 samples re
presented 9 of the 12 US soil Orders, including Mollisols (23), Alfisols
(5), Ultisols (5), Andisols (2), Entisols (2), Inceptisols (2), Aridisols (1),
Histosols (1) and Vertisols (1). The soils were taken from the A horizon
except for one sample that came from an O horizon. Horizon designa
tion and taxonomic classification was assigned according to Soil Tax
onomy (Schoeneberger et al., 2012; Soil Survey Staff, 2014b). The soil
samples varied widely in SOC (3.0–288.4 g kg−1; mean 31 g kg−1), pH

POXC (mg kg-1)=
(0.020 mol L

1

(a + (b × Abs _adj )) × (9000 mg C mol 1) × (0.02 L)
Soil mass (kg)
(1)
−1

−

where 0.020 mol L = initial MnO4 concentration; a is the intercept
of the standard curve, b is the slope of the standard curve, Absadj is the
adjusted absorbance, 9000 = mg C (0.75 mol) assumed to be oxidized
by 1 mol MnO4− changing from Mn7+ to Mn4+ (Weil et al., 2003);
0.02 L = volume of KMnO4− solution mixed with the soil sample; Soil
mass = oven-dry mass of soil sample analysed (kg).
3
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2.4. Data processing and analysis

For both grind sizes, the highest number of POXC results within the
quantifiable range was obtained when using a soil mass of 2.5 g (79 and
88% for the < 0.18 mm and the < 2 mm grind size, respectively;
Table 2). When < 2 mm grind size and 2.5 g of soil were used, POXC
results could be quantified for soil samples that had SOC contents be
tween 5.0 and 75.8 g kg−1 (Fig. 2). When using 5.0 g of soil, POXC
could only be quantified for soil samples that had SOC contents up to
25.9 g kg−1. By comparison, when a grind size of < 0.18 mm and a soil
mass of 2.5 g was used, POXC could be quantified for samples with SOC
contents up to 31.6 g kg−1 (79% of soil samples; Table 2). Using 5.0 g of
soil, POXC could only be quantified for 38% of the samples and the
relation with SOC content was less consistent.

The results obtained for individual sample replicates ([dataset]
Wills et al., 2020) were checked for their quantitative validity based on
the limits of quantitation for the final MnO4− concentrations in the
cuvettes. The limits of quantitation are the lowest and highest con
centrations of an analyte that can be quantitatively determined with
suitable precision and accuracy. Measurements that fall outside of these
limits were excluded from further analysis in order to enhance con
fidence in the results and ensure that our conclusions are supported by
quantitatively meaningful data.
The Practical Quantitation Limit (PQL) is the minimum analyte con
centration (MnO4− in case of the POXC method) that can be reliably
quantified and pertains to the maximum amount of POXC that can be
reliably reported. The PQL was established following the re
commendations of the US Environmental Protection Agency (EPA,
2016) for determining the Method Detection Limit (MDL), which for the
POXC method at KSSL was 0.004 mM MnO4−. To calculate the PQL, the
MDL was multiplied by a factor of 3, resulting in a PQL of 0.012 mM.
MnO4− concentrations below this value were considered quantitatively
invalid for this study. No governmental regulation covers the PQL. It
comes down to what the laboratory feels comfortable signing their
name to, confidently, on a daily basis (EPA, 2006). The KSSL laboratory
was comfortable with a factor of 3.
The Upper Detection Limit (UDL) is the final MnO4− concentration
that is statistically distinguishable from a blank sample reading, con
sidering that blank samples show varying final MnO4− concentrations
due to method imprecision. The UDL thus represents the minimum drop
in MnO4− concentration to be considered significant, and pertains to
the minimum amount of POXC that can be reliably reported. The UDL
was estimated as the mean MnO4− concentration of blank samples from
over 100 validated batches, minus three times the standard deviation of
that mean, which yielded an UDL of 0.175 mM. Thus, a final MnO4−
concentration in the cuvettes of > 0.175 M was considered potentially
indistinguishable from a blank sample, and the corresponding POXC
results were thus considered quantitatively invalid for this study.
Values of POXC were reported for each sample, based on the
average of three analytical replicates for a given sample, grind and mass
class. Only samples for which all three replicates yielded results within
the quantifiable range (i.e. final MnO4− concentrations between the
UDL and PQL) were used in further analysis. No further data cleaning or
removal of outliers was performed. The analytical variability in POXC
values was reported as the coefficient of variation (CV) of three ana
lytical replicates that had POXC results within the quantifiable range.
Pearson (r) and Spearman rank (rs) statistics for linear and non-linear
correlations, respectively, were analysed in SPSS v25.

3.2. Soil mass and grind size effects on analytical variability
The coefficient of variation (CV) was calculated from three analy
tical replicates of sample by treatment combinations. The CV was
higher for the < 2 mm grind size (mean 6.0%; median 4.3%) than for
the < 0.18 mm grind size (mean 3.8%; median 0.5%; Table 3). The
analytical variability also showed a general tendency to decrease with
increasing soil mass, from an average of 5.5% (median 0.83%) to 1.2%
(median 0.05%) at < 0.18 mm grind size and from an average 8.2%
(median 6.8%) to 2.9% (median 0.1%) at < 2 mm grind size. The
proportion of samples that had a CV above 10% was relatively high
(17.6–41.2%) when using a soil mass of 1.0 g or less, especially at <
2 mm grind size (32.2–41.2% of samples had a CV > 10%; Table 3).
Even at a soil mass of 2.5 g and a grind size of < 2 mm, the proportion
of samples with CV > 10% exceeded 20% of the total number of
samples for which POXC could be quantified. Overall, the number of
samples with a CV > 10% decreased with increasing soil mass for both
grind sizes.
3.3. POXC values as affected by soil mass
POXC values varied widely due to soil mass. Average POXC values
across the whole set of soil samples increased with decreasing soil mass,
from 425 ( ± 157) to 3870 ( ± 2443 mg kg−1) for the < 0.18 mm grind
size, and from 430 ( ± 161) to 3464 ( ± 1562) mg kg−1 for the < 2 mm
grind size (Fig. 3a). The non-linearity of the relationship between soil
mass and POXC shown in Fig. 3a is extended to the relationship be
tween soil mass and the relative POXC value, or in other words the
percentage of the total SOC content of the sample that is oxidized
(Fig. 3b). However, the plots shown in Fig. 3 provide a biased picture of
soil mass effects on POXC as soil samples high in SOC tend to return
results within the method quantitation limits only at low soil masses,
whereas for soil samples low in SOC, POXC values within quantitation
limits were obtained at high soil masses. This bias is evidenced by the
median of the SOC contents of the samples for which POXC could be
quantified at a soil mass of 5.0 g (9.7 and 13.6 g kg−1) versus a soil
mass of 0.25 g (33.5 and 60.7 g kg−1), for < 0.18 and < 2 mm grind
sizes, respectively (Table 2).
Therefore, we proceeded to analyse the effect of soil mass on POXC
in an unbiased way, by comparing POXC values obtained at different
soil masses, but only including those soil samples for which valid POXC
values were obtained for the same set of soil masses (Fig S3; Table S1).
There was only one soil sample for which POXC could be quantified
using all five soil masses, and only for the < 2 mm grind size. POXC
values for this sample ranged from 617 mg kg−1 at a soil mass of 5.0 g
to 3137 mg kg−1 at 0.25 g, a > 5-fold increase (Fig S3b; Table S1). The
relations between soil mass and POXC, limited to those soil samples for
which valid POXC values were obtained for the same set of soil masses,
confirmed the non-linearity of the inverse relation between soil mass
and POXC (Fig. S3). Mean POXC values obtained for the same subset of
samples at three soil masses and the < 0.18 mm grind size (N = 19)
ranged from 1027 ( ± 198) mg kg−1 at a soil mass of 2.5 g to 1546
( ± 444) mg kg−1 at a soil mass of 0.5 g (Table S1). Similarly, the mean

3. Results
3.1. Effect of soil mass and grind size on quantifiable POXC values
POXC values were not validated when measured MnO4− con
centrations were outside of the method quantitation limits, and hence
excluded from further analysis. The proportion of samples that ex
ceeded the UDL (i.e. MnO4− concentration not distinguishable from a
blank reading) strongly increased with decreasing soil mass and was
higher for the < 2 mm than for the < 0.18 mm grind size (Fig. 1).
Conversely, the chances of the final MnO4− concentration being below
the PQL (i.e. below 0.012 mM) increased with increasing soil mass and
was higher for the smaller grind size. Overall, 60% of all
sample × treatment combinations had results within the quantifiable
range. There was no single treatment combination that provided POXC
values for all the soil samples included in this study. Moreover, the
combinations of grind size and soil mass that returned POXC results
that were within the quantifiable range were clearly associated with
SOC content (Fig. 2; Table 2).
4
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Fig. 1. Final permanganate concentration measured
by the spectrophotometer for individual sample re
plicates (dots) × grind size and sample mass.
Different colors refer to the SOC content of the sam
ples. Results were considered quantitatively invalid
for this study when final MnO4− concentrations fell
between the Upper Detection Limit (UDL) and the
Practical Quantitation Limit (PQL) for the method.
Note that the final permanganate solution after re
action is diluted 100 times before measurement.

POXC values obtained for the same subset of samples at three soil
masses and the < 2 mm grind size (N = 20) showed mean POXC values
ranging from 523 ( ± 93 mg kg−1) at a soil mass of 5.0 g to 794
( ± 236) mg kg−1 at 1.0 g, in both cases corresponding to an average
increase in POXC values by ~50%.
Overall, strong correlations were found between validated POXC
values obtained at two different soil masses. Pearson correlation coef
ficients ranged between 0.91 and 0.97 (p < 0.001) and the slope
ranged from 1.29−1.52. The lower correlation coefficients represent
the coarser grind size and smaller soil masses (Fig. 4).

both grind sizes (N = 100; Table S2). POXC values were consistently
greater for the finer grind size (< 0.18 mm) (Fig S4). The increase in
POXC values due to grinding to < 0.18 mm was on average 49%
( ± 25%), when compared to the < 2 mm grinding treatment (Table
S2). The correlation between POXC values obtained for the two grind
sizes was very strong (r = 0.96, p < 0.001; Fig. 5a), especially after
log transformation to account for the skewed distribution of the two
variables (r = 0.98, p < 0.001; Fig. 5b).

3.4. POXC values as affected by grind size

The marked non-linear decline in POXC values with increasing soil
mass shown in Figs. 3 and 4 reflects the non-linear increase in the
proportion of MnO4− that is consumed during the redox reaction when
soil mass increases (Fig. 3b) and from which POXC values are calcu
lated. Fig. 3 shows a strong variation in the fraction of MnO4−

3.5. Relative POXC values as a function of SOC mass.

To test the hypothesis that POXC values increase with decreasing
grind size used for sample homogenization, we used all sample
ID × soil mass combinations for which POXC could be quantified for

Fig. 2. Effects of soil mass and grind size on POXC values. Samples are sorted by total SOC content. Black cells indicate that at least one of the analytical replicates
yielded results outside the quantitation limits of the method for this study.
5
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Table 2
Minimum and maximum POXC values obtained for different soil masses, based on the theoretical limits of the method and on the Upper Detection Limit (UDL) and
the Practical Quantitation Limit (PQL) for our study. The percentage of samples (n = 42) for which quantitatively valid POXC data were obtained, and the median
SOC content, are shown for each soil mass. Two grind sizes (< 0.18 and < 2 mm) were compared.
Soil mass

POXC theoretical limits

POXC practical limits

Valid results

POXC(min)

POXC(UDL)

< 0.18 mm

−1

(g)

(mg kg

0.25
0.50
1.00
2.50
5.00

0
0
0
0
0

POXC(max)

−1

)

(mg kg
14,400
7200
3600
1440
720

POXC(PQL)

)

1800
900
450
180
90

Median of SOC content
< 2 mm

−1

(%)
13,536
6768
3384
1354
677

< 0.18 mm
(g kg

40
64
76
79
38

21
40
74
88
74

< 2 mm

)

33.5
25.9
24.0
14.4
9.7

60.7
33.5
24.6
21.3
13.6

Table 3
Analytical variability expressed as the coefficient of variation (CV) among three analytical replicates analysed for each sample and treatment combination for which
quantitatively valid POXC data were obtained. N is the number of samples or sample by soil mass combinations (out of a total of 42 samples) that returned results
within the quantitation limits for all three analytical replicates.
Soil mass

< 0.18 mm
N

(g)
0.25
0.50
1.00
2.50
5.00
All; mean/median
All; stdev

< 2 mm
CV_mean

CV_median

CV > 10%

N

(%) 17
27
32
33
16
125

5.5
4.9
4.5
2.7
1.2
3.8
6.2

CV_mean

CV_median

CV > 10%

6.8
6.8
6.8
5.1
0.1
4.3

33.3
41.2
32.3
21.6
6.5
24.0

(%)
0.83
0.60
0.38
0.12
0.05
0.5

17.6
22.2
18.8
3.0
0.0
12.8

consumed (Fig. 3b), and the resulting absolute (Fig. 3a) and relative
POXC values (Fig. 3c), depending on sample ID, which is likely related
to the large range of SOC values represented by our sample set.
Fig. 6 shows the relationships between the SOC mass (the soil mass
multiplied by the sample’s SOC content, which represents the amount of
SOC that is subjected to the reaction with permanganate) and the
fraction of MnO4− consumed (Fig. 6a) and between SOC mass and re
lative POXC values (expressed as the percentage of a sample’s total SOC
content) (Fig. 6b). Significant (p < 0.001) and strong Spearman’s rank
correlations were found between SOC mass and the fraction of MnO4−
consumed (rs = 0.90 for both grind sizes; Fig. 6a). The correlation
between SOC mass and the relative POXC value was highly significant
and negative (rs = [−0.78] − [−0.75], for the < 2 mm and the <
0.18 mm grind sizes, respectively; Fig. 6b).

9
17
31
37
31
125

8.2
8.6
6.1
6.6
2.9
6.0
6.6

4. Discussion
4.1. Method quantitation limits hinder the applicability of POXC protocols
across different soils
Our study showed that the percentage of soils for which POXC va
lues could be reliably quantified depends strongly on soil mass and
grind size, and is influenced by the total SOC content of the soil.
Importantly, no single soil mass (0.25–5.0 g) provided results within
the quantitation limits of the method for all soils included in our study.
The soil mass that yielded the highest percentages of quantifiable re
sults for both grind sizes was 2.5 g, which is in line with the protocol of
Culman et al. (2012a). Yet, a significant percentage of our soils (11 and
21%, depending on grind size) had POXC values outside the quantita
tion limits, indicating that a protocol based on a fixed soil mass is not
universally applicable across different soils. Based on our sample set,
assessing POXC was not feasible for soils that have relatively high
(> 76 g C kg−1) or low (< 5 g C kg−1) SOC content, when using a
grind size of < 2 mm and a soil mass of 2.5 g. A standard soil mass of
5.0 g (Weil, et al., 2003; Soil Survey Staff, 2014a) had limited applic
ability to soils with SOC contents > 26 g C kg−1.
The method quantitation limits thus complicate the assessment and
comparability of POXC at national levels, and even more so globally, as
many soils will yield results outside the quantifiable POXC range for a
certain soil mass. A few published studies assessing POXC reported that
the experimental conditions of the assay did not account for a surplus of
labile C in relatively carbon-rich grassland and garden soils (Calderón
et al., 2017; Romero et al., 2018). Calderón et al. (2017) highlighted
that increasing the detection limits would require method adjustments,
e.g., by increasing the concentration of MnO4− and/or decreasing the
soil mass used. Interestingly, the POXC protocols for the assessment of
active C in version 5 of the KSSL manual (Soil Survey Staff, 2014a) and
the protocol of Schindelbeck et al (2016) recommend such adjustments,
namely “If samples have < 0.00003 absorbance (A), reweigh smaller

3.6. Absolute and relative POXC values across soils, at a fixed soil mass of
2.5 g
To further explore the relationships between sample SOC content
and absolute and relative POXC values obtained when using a fixed soil
mass, we used the POXC values obtained for the 2.5 g soil mass. This
soil mass treatment returned the largest number of validated POXC
results for both grind sizes (Table 2). Significant (p < 0.001) positive
correlations were found between the sample SOC content and the POXC
value for samples prepared at < 0.18 (rs = 0.80) and < 2 mm
(rs = 0.83) grind size (Fig. 7a). The relative POXC value expressed as a
percentage of total SOC content, decreased with increasing SOC content
(rs = 0.74 and 0.70, respectively) (Fig. 7b).
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a)

also reported that soil mass is sometimes adjusted for part of the sam
ples within the same study in order to overcome problems with method
detection limits as indicated by complete ‘bleaching’ of the initially
purple solution. Based on our literature review, none of the published
POXC assessments provide laboratory-specific method quantitation
limits, and very few have described how they dealt with results that fall
outside of these limits. Reporting method detection and quantitation
limits alerts data users of the uncertainties and limitations associated
with using these data. We strongly recommend that such information be
reported in future studies and refer to EPA (2006) and EPA (2016) for
further guidance on the appropriate use and interpretation of method
quantitation limits.

<0.18 mm (N=125)

10,000
POXC (mg kg-1)

<2 mm (N=125)

1,000

100

0

1

2

3

4

4.2. Soil mass affects POXC values

5

Decreasing or increasing soil mass in order to obtain final MnO4−
concentrations within method quantitation limits could potentially
address issues of non-validated POXC (Soil Survey Staff, 2014a;
Schindelbeck et al., 2016). However, our study shows that variation in
soil mass causes substantial variation in POXC values, thereby limiting
the comparability and interpretability of POXC values. In our study, a
clear negative and exponential relationship between soil mass and
POXC values was observed. These findings are similar to results re
ported by Gruver (2015), who compared POXC values for fifteen dif
ferent masses of a standard soil (0.26 to 4.6 g) based on the Weil et al.
(2003) method with and without the addition of acid-washed quartz
sand to maintain a constant solid:solution ratio. Gruver (2015) found
that the addition of quartz sand did not affect POXC results, which
supports our assumption that variation in the ratio between solids and
reaction solution should not have affected our results.
Strong Pearson correlations (0.91 < r < 0.97; p < 0.001) were
observed between the POXC values obtained for two different soil
masses, where the lowest correlation coefficient (r = 0.91) was found
for the relation between POXC results at 1.0 and 2.5 g soil mass and a
grind size of < 2 mm, probably linked to the relatively high CV be
tween analytical replicates at a small soil mass (i.e. 1.0 g) and coarser
grind size. While strong correlations between POXC values obtained at
different soil masses, a finding that was also reported by Wade et al.
(2020), indicate similar trends across the different soils irrespective of
the soil mass used, the POXC values obtained at different soil masses
cannot be compared directly without conversion. Sample-specific var
iation in the effect of soil mass for individual soil samples would likely
limit the general applicability of such a conversion, as interactions
between specific soil characteristics and the amount of SOC available to
be reacted determine the outcome of the reaction between soil and
MnO4− (Blair et al., 1995). We further elaborate on this phenomenon in
Section 4.3.

Soil mass (g)

Fraction of MnO4- consumed

1.0

b)

0.8

0.6
0.4
0.2

0.0

0

1

2

3
Soil mass (g)

4

5

4.3. Implications of the non-linearity of the relationship between soil mass
and POXC.
The increase in POXC values with decreasing soil mass, and the nonlinearity of this relationship, can be explained by the negative and nonlinear relationship between the amount of soil reacting with 20 mL of
0.02 M MnO4− (0.40 mmol MnO4− in total) and the fraction of MnO4−
consumed at the end of the assay. In other words: the fraction of total
MnO4− reduced per unit mass of soil decreases non-linearly as soil mass
increases. This phenomenon, previously identified by Gruver (2015),
and corroborated in the current study for a larger sample set re
presenting diverse US soils, is explained by the kinetics of the oxidation
reaction of MnO4− with soil. The rate of oxidation is a function of the
reaction conditions (MnO4− concentration, pH, temperature, among
others) and the amount and chemical nature of different MnO4− re
ductants. Reductants include different organic substrates that can be
oxidized by MnO4− (e.g. lignin or carbohydrate-like species and (poly)
phenols; Bose et al., 1999, Romero et al., 2018) and that react at

−

Fig. 3. (a) POXC values obtained; (b) the fraction of MnO4 consumed during
the oxidation reaction; and (c) relative POXC values, expressed as a percentage
of the total SOC content of the sample, for all sample ID × soil mass combi
nations for which results were obtained that were within the method quanti
tation limits for this study, for the < 0.18 mm (N = 125) and < 2 mm
(N = 125) grind sizes. Note that the POXC values in Fig. 3a are shown on a
logarithmic scale.

sample size (e.g., 2.50 g) and re-analyse” (method 6A2a1a1; Soil Survey
Staff, 2014a); and “Repeat samples when duplicate sample absorbance
readings fall outside the values of the standard curve, adjusting weight
of sample used in reaction if necessary” (Schindelbeck et al., 2016).
This paper’s authors and other researchers (personal communication)
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Fig. 4. Pearson correlations between POXC values at smaller soil mass and at larger soil mass for samples for which validated POXC (results within method
quantification limits) were obtained for the same two soil masses: a) < 0.18 mm grind size, 0.5 and 1.0 g soil mass (N = 26); b) < 0.18 mm grind size, 1.0 and 2.5 g
soil mass (N = 25); c) < 2 mm grind size, 1.0 and 2.5 g soil mass (N = 29); d) < 2 mm grind size, 2.5 and 5.0 g soil mass (N = 28).

different rates proportional to the MnO4− concentration. As the con
centration of MnO4− decreases, reaction rates slow down implying
that, as reactions progress, the more rapidly reacting forms of POXC are
preferentially oxidized and the remaining MnO4− concentration de
termines the extent to which less quickly reacting forms of POXC will be
oxidized. Therefore, a soil with a small amount of oxidizable C will
likely result in the oxidation of more recalcitrant C fractions (causing
overestimation of “labile C”) than a similar soil with a large amount of
oxidizable C. Conversely, a larger soil mass results in a faster decrease
of the MnO4− concentration during the reaction than a smaller soil
mass, therefore the oxidation rates of all forms of oxidizable SOC in the
sample are reduced, yielding a lower measured POXC value and an
underestimation of “labile C”.
The non-linear relationships between soil mass and POXC shown in
Figs. 3a and 4, and between soil mass and the relative POXC value
(expressed as a percentage of total SOC content of the sample) shown in
Fig. 3c, clearly demonstrate that (i) reactions between soil and MnO4−
go to varying levels of completion, and (ii) not all potentially per
manganate-oxidizable C that can react, does react, on the short time
scale of the POXC assay. This indicates that the reaction that takes place
during the POXC assay is uncontrolled, leading to different interpreta
tions on the size of the “labile” or “active” carbon pool, depending on
the methodological parameters used, including soil mass and grind size.
Furthermore, when we consider that soils with higher SOC contents
result in a faster decline in the MnO4− concentration during the reac
tion, a lower oxidation rate of the potentially oxidizable SOC fractions
could be expected, leading to an underestimation of the “active” or
“labile” C pool. We indeed showed that the correlation between SOC
mass (soil mass × SOC content of the sample) and the percentage of
total SOC quantified as POXC was strongly negative (Fig. 6b). This

suggests that the relationship between soil mass and POXC is samplespecific, as the [MnO4−]: SOC mass ratio used in the POXC assay affects
the size of the fraction of SOC being oxidized, and the biochemical
nature of that fraction.
4.4. Grind size used for sample homogenization affects POXC values
As hypothesized, a smaller grind size used for sample homo
genization resulted in higher POXC values for a given sample and hence
a greater proportion of the total SOC content of that sample being
oxidized. On average across soils, the POXC values increased by 49%
( ± 25%) due to the smaller grind size of < 0.18 mm, compared to <
2 mm, irrespective of soil mass. The significant increase in POXC due to
grinding to < 0.18 mm is likely due to disintegration of aggregates and
particulate organic matter into smaller particles, making potentially
oxidizable SOC compounds more available to oxidation and leading to a
higher surface area to volume ratio which speeds up chemical and
biological reactions (Gruver, 2015; Romero et al., 2018). Soil homo
genization by grinding further exposes otherwise protected organic
matter and stable C fractions adsorbed to mineral surfaces. Samplespecific effects of grind size likely reflect variation in the characteristics
of particulate organic matter and in the level of physical protection
among soils. Gruver (2015) found that disruption of soil aggregates
(initially sieved over 2 mm) using different shaking treatments in water
increased POXC levels by 29–44 %, depending on different levels of
intensity of disruption, in a high SOC soil and by 14–18% in a low SOC
soil. Nevertheless, the very strong correlation (r = 0.98) between POXC
values obtained at different grind sizes, a finding that was also reported
by Wade et al. (2020), indicates that general trends in POXC values are
consistent across grind sizes, but absolute POXC values obtained at
8
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Fig. 5. The correlation between POXC values obtained for the two different
grind size treatments (< 0.18 mm and < 2 mm), showing (a) non-transformed
and (b) log transformed data. Data shown include all sample ID × soil mass
combinations for which POXC could be quantified (results within method
quantitation limits for this study) for both grind sizes (N = 100).

Fig. 6. Non-linear correlation between SOC mass (in mg C; calculated as the soil
mass multiplied by the SOC content of a given sample) and (a) the fraction of
MnO4− consumed and b) relative POXC values (expressed as a percentage of
total SOC content of a sample). These graphs include all validated POXC results
for the < 0.18 mm (N = 125) and < 2 mm grind sizes (N = 125). Correlation
coefficients refer to Spearman’s rank statistics.

different grind sizes are not directly comparable.
Comparing POXC values obtained at different grind sizes could be
an appropriate research method to investigate physical protection of C
fractions, but when used as a broad soil health indicator, standardiza
tion of grind sizes used for soil homogenization is an important pre
requisite for POXC values to be comparable across soils. We propose
that the gentler soil process of crushing to pass the 2 mm mesh would
better reflect the biologically available pool of SOC than grinding to
pass a 0.18 mm sieve, while allowing for some level of sample homo
genization at reduced sample processing time.

to be weighed against reduced sample processing time, as well as the
more intact physical structure for the < 2 mm soil, which likely better
reflects “labile” or “active C” under field conditions. Moreover, using
soil ground at < 0.18 mm requires the use of smaller soil masses to not
exceed the method quantitation limits, which would largely reduce the
benefits in terms of decreased analytical variability as can be seen in
Table 3.
4.6. Implications for the utility of POXC in national soil health monitoring

4.5. Analytical variability as affected by soil mass and grind size

Our study showed that determination of POXC is highly sensitive to
soil mass and grind size. This implies that the grind size used for soil
homogenization should be standardized to enable comparisons of the
outcomes across soils and studies. Using the forceful milling of soil to
pass a small mesh size (e.g., < 0.18 mm) would not be desirable as it is
more labor intensive. Our recommendation for POXC would be to crush
and sieve the soil samples to pass a 2 mm mesh which is a widely used
soil homogenizing procedure and may better reflect “active SOC” under
field conditions.
Standardization of soil mass in POXC protocols, especially when
used as a national soil health indicator may be more complicated. This
complication derives from our observation that the effect of soil mass
on POXC is non-linear and soil-specific. First, there is no single soil mass
which consistently produces POXC results within the quantitation limits

Ideally, indicators for routine soil health assessments should have
low analytical variability. The variability among three analytical re
plicates in our study was relatively low with average CVs being 3.8%
and 6.0%, for < 0.18 mm for < 2 mm grind sizes respectively. These
percentages are lower than Hurisso et al. (2018b) who had CVs of
9–19% for POXC measurements using 2.5 g of soil. Wade et al. (2020)
found similar results for analytical variability as in our study, with CVs
ranging between 5.1 and 10.7% in the majority of labs participating in
an interlaboratory study, depending on soil mass and grind size.
In our study, the treatment combination of 2.5 g soil mass and
grinding at < 2 mm resulted in an average CV of 6.4% (median 5.1%).
Although finely ground soil samples had lower CVs, this advantage has
9
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different soil types and vegetation types, and this is where serious
problems with quantitation limits and non-linearity can be expected.
The current POXC method should therefore be critically in
vestigated and updated to address variation in POXC due to variation in
soil mass and SOC mass. Lefroy et al (1993), Blair et al (1995) and TirolPadre and Ladha (2004) performed permanganate oxidation of SOM
based on a fixed SOC mass instead of a fixed soil mass. This approach
requires that total SOC is measured in advance and would thus com
promise the rapidity and cost effectiveness of the POXC method, but it
could improve comparability of POXC outcomes across soils varying in
total SOC. Further research is needed to systematically evaluate the
comparability and sensitivity of POXC values when assessed on a SOC
mass basis instead of a soil mass basis, and to elucidate the chemical
and functional characteristics of POXC and how these characteristics
are affected by the oxidation conditions.
5. Conclusions
Our study confirms the sensitivity of POXC results to two major
methodological parameters: soil mass and grind size used for soil
homogenization. The following observations have important implica
tions for the suitability and scientific interpretation of the POXC
method used for national soil health monitoring:
(1) None of the soil masses yielded POXC values within quantitation
limits of the method for every soil across the diverse set of 42 US
soils assessed, thus showing that standardization of soil mass may
be impossible in national or regional monitoring programs. A soil
mass of 2.5 g and a grind size of < 2 mm provided the largest of
quantifiable POXC results across the wide set of soils we studied;
(2) Strong correlations among POXC values obtained at different soil
masses or grind sizes indicate that general trends in POXC values
across soils are maintained, independent of soil mass or grind size,
but the results are not interchangeable. We suggest that < 2 mm
grind size be used in standard monitoring protocols, because
minimal grinding and homogenization at < 2 mm is less time
consuming and may better reflect “active C” under field conditions.
(3) The use of a fixed soil mass for POXC analysis across soils with
different SOC contents leads to variation in the [MnO4−]: SOC mass
ratio during the reaction, which affects the size and the biochemical
composition of the fraction of total SOC being oxidized. Therefore,
we conclude that the POXC assay falls short as an analytical method
for measuring a well-defined C pool. Performing POXC analyses
based on a fixed SOC mass may enable improved comparability of
POXC values across soils with contrasting SOM contents, but would
compromise the utility of POXC as a rapid assessment method.

Fig. 7. Relation between sample SOC content (g C kg−1 soil) and (a) POXC
values; and (b) relative POXC values (expressed as a percentage of total SOC
content of a sample). Data shown here were obtained using a fixed soil mass of
2.5 g for samples prepared at < 0.18 (N = 33) and < 2 mm (N = 37) grind
sizes. Correlation coefficients refer to Spearman rank statistics for non-linear
correlations.

of the method for a wide range of different soils and adjusting the soil
mass for certain samples would make it impossible to compare the re
sults to other samples (Calderón et al., 2017). Second, we showed that
the negative relationship that exists between SOC mass and the fraction
of total SOC being oxidized by permanganate (Fig. 7b), and subse
quently interpreted as the pool of “labile” or “active” carbon, limits the
universal interpretability of the POXC method. Calderón et al. (2017),
in line with our results (Fig. 7b), concluded that soils high in SOC tend
to have proportionally less labile C than soils with lower SOC. What this
likely indicates is that in low SOC soils there is rapid oxidation of the
smaller amount of labile organic C, followed by greater oxidation of the
relatively recalcitrant organic C than would occur in higher SOC soils.
Based on these results, we argue that a fundamental problem of the
POXC method is that it is an uncontrolled oxidation reaction that is not
a specific “extractant” or measure of a certain C fraction and that it does
not consistently measure the same carbon pool across different soils.
Therefore, the POXC method as it is currently applied should not be
viewed as an approach for measuring a well-defined SOC pool that can
be quantitatively compared across a wide range of contrasting soils.
Assessment of POXC based on standard soil mass and grind size may
allow for comparison of closely associated fields or for monitoring of
fields through time where differences in soil properties are relatively
modest. However, considering implications for national or regional
monitoring schemes, the method should be robust when used in widely

Finally, to enable calibration and interpretation of the results for the
detection of land management impacts on soil health across a wide
range of soils, further research is required. We recommend evaluation
of the comparability and sensitivity of POXC values when assessed on a
SOC mass basis rather than a soil mass basis, and investigation of the
chemical and functional characteristics of POXC as obtained under
different oxidation conditions.
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