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ABSTRACT

ARTICLE HISTORY

Permanganate-oxidizable carbon (POXC), mineralizable carbon (C), and protein are rapid and inexpensive soil health indicators, which focus on the fastcycling labile soil organic matter. We tested the effect of soil processing (sieve
size) on measured values and analytical variability (i.e., precision) of each
indicator. Soil samples were hand-sieved to < 8-mm, < 2-mm, or ground to
pass through a 2-mm sieve. Mean values of POXC, protein and mineralizable C
were higher in < 2-mm than in either ground or < 8-mm soils. Soils sieved to
< 8-mm were significantly more likely than either < 2-mm or ground soils to
result in higher analytical variability of POXC and protein, but sieve size did not
affect the analytical variability of mineralizable C. These results collectively
demonstrate that the use of larger size fractions like 8-mm sieved soils for
measuring POXC and protein not only leads to lower absolute values, but also
increases analytical variability and therefore minimize their precision.
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Introduction
Soil health – also commonly referred to as soil quality – has emerged as a concept that emphasizes
the need for a holistic approach to adequately assess the biological, physical, and chemical functional
status of soils, with an overall goal of guiding producers’ management decisions towards achieving
increased productivity, resilience, and other agroecosystem services (Doran 2002, 2008; Karlen,
Ditzler, and Andrews 2003. Karlen et al. 1997; Wienhold, Andrews, and Karlen 2004). Soil health
indicators are especially useful when they are (i) sensitive to changes in management practices, (ii)
reflect important soil ecosystem functions, (iii) rapid and inexpensive, and (iv) suitable for the highthroughput framework of commercial soil testing laboratories (Doran and Parkin 1994; Doran and
Zeiss 2000).
Permanganate-oxidizable C (POXC), mineralizable carbon (C), and soil protein – which focus on
the soil’s active organic matter (OM) that fuels the soil food web and nutrient availability – all satisfy
the above criteria of an ideal soil health indicator. However, they have yet to be adopted widely, with
only a few commercial soil testing labs currently offering these tests (e.g., the Cornell Assessment of
Soil Health Framework; Moebius-Clune et al. 2016). Measurement of POXC involves reaction of
readily oxidizable soil C fraction with dilute potassium permanganate (KMnO4) solution, resulting
in reduction in color intensity that is measured colorimetrically (Culman, Freeman, and Snapp
2012a; Weil et al. 2003). The soil C fraction measured in such a way has been shown to be sensitive
to management practices (e.g., Culman et al. 2012b; Lucas and Weil 2012; Morrow et al. 2016; Stine
and Weil 2002). Short-term mineralizable C (i.e., carbon dioxide [CO2] burst or respiration upon
rewetting of dried soils; Franzluebbers et al. 2000; Haney and Haney 2010; Haney et al. 2001) is a
measure of general biological activity – usually measured during 1- to 3-day aerobic incubation –
and also sensitive to management practices (Culman et al. 2013; Ladoni, Basir, and Kravchenko
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2015). A study by Hurisso et al. (2016) found relative enrichment of POXC in soils managed with
organic inputs from compost additions and conservation tillage practices compared to mineralizable
C, which was related more with conventional tillage and crop rotations involving leguminous cover
crops. Soil protein represents the largest pool of organically-bound nitrogen (N) in soil OM that is
readily mineralizable by microbial activity, potentially becoming available for plant uptake (Hurisso
et al. 2018; Jan et al. 2009; Nannipieri and Paul 2009; Roberts and Jones 2008). Soil protein analysis
involves extraction with weak and neutral sodium citrate buffer at high temperature and pressure,
followed by quantification with bicinchoninic-acid (BCA) assay (Hurisso et al. 2018).
Grinding soil to pass through a 2-mm sieve is standard and recommended practice in most
commercial soil testing laboratories (e.g., NCERA-13 2015). Grinding is a rapid way to homogenize a
composited soil sample and mixes the soil to maximize the precision of measurements (NCERA-13
2015). However, the process of grinding also disrupts aggregate formation and exposes physically
protected nutrient pools (Grandy and Robertson 2007). This is especially relevant with soil health
indicators that target biologically-active measures of N and C. But the effects of soil grinding on final
results and analytical variability associated with the relatively new soil health indicators remain largely
unknown.
The objective of this study was to determine how soil processing (i.e., sieve size) impacts
measured concentrations and precision of POXC, mineralizable C, and soil protein within a soil
testing laboratory. In this paper, soil sieve size refers to soils that are hand-sieved to pass through 8mm, 2-mm, or ground to pass through a 2-mm sieve.

Material and methods
Study site description
The three locations selected for this study represent three major crop production regions in Ohio, USA.
The Knox County site in central Ohio (40° 17ʹ N lat., 82° 35ʹ W long.) consisted of Condit silt loam (fine,
illitic, mesic Typic Epiaqualfs) and Pewamo silty clay loam soils (fine, mixed, active, mesic Typic
Argiaquolls), with 0 to 2% slopes. This field was managed under corn (Zea mays L.)-soybean [Glycine
max (L.) Merr.]-wheat (Triticum aestivum L.) rotation with reduced tillage before corn planting. The
Mahoning County site in northeast Ohio (40° 56ʹ N lat., 80° 40ʹ W long.) was on Bogart loam (fineloamy, mixed, active, mesic Aquic Hapludalfs) and Jimtown loam (Fine-loamy, mixed, superactive,
mesic Aeric Endoaqualfs) soils, with 2 to 6% slopes. The field at the Mahoning County was managed
under corn-soybean rotation, with chisel-plow tillage in the spring before corn planting. This field
received broiler chicken (Gallus gallus domesticus) litter application (~ 4.5 Mg ha−1 yr−1 each spring for
over five years) until 2014, when the practice was stopped and replaced with mineral phosphorous (P)
and potassium (K) fertilizers. The Wood County site in northwest Ohio (41° 28ʹ N lat., 83° 33ʹ W long.)
was on Hoytville clay loam soil (fine, illitic, mesic Mollic Epiaqualfs) with 0 to 1% slopes. This field was
managed under corn-soybean-wheat rotation, involving tillage in the spring prior to corn planting
followed by deep disk chisel tillage in the fall after corn harvest.
Soil sampling and processing
In 2016, soil samples were collected in a grid pattern, which consisted of 20 points spaced at 15.2 m
by 15.2 m and established within a 0.4-ha corn field at three sites mentioned above. The anchor
point (i.e., first sampling area) was established 10 m (~ 12 rows of corn) from the edge of the field
and the remaining sampling points were oriented to this anchor point, every 15.2 m apart. At each
center grid point, 12 soil cores of 2.5 cm diameter × 20 cm depth were randomly sampled within a
radius of 3–4.5 m (4–6 rows of corn) from the middle of the row and were combined to form a
composite sample for each grid point. Study site characteristics and soil sampling protocol are more
fully described in Hurisso, Culman, and Zhao (2018).
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Once in the laboratory, each composited soil sample was separated into three size classes: i) handsieved through an 8-mm sieve to thoroughly mix the cores and air-dried, hereafter referred to as < 8mm for greater simplicity, ii) a subsample of the 8-mm sieved fraction was hand-sieved through a 2mm sieve, hereafter referred to as < 2-mm, and iii) a subsample of the 8-mm sieved fraction was
ground with a flail grinder and passed through a 2-mm sieve, as commonly practiced in commercial
soil testing labs (NCERA-13 2015), hereafter referred to as ground. For each size class, the soil health
tests outlined below were run on a group of three analytical replicates of the same composited soil
sample. All three replicate subsamples from each composited soil were analyzed at the same time by
a single technician within the same analytical laboratory.
Soil analysis
Permanganate-oxidizable carbon
Analysis of POXC was based on the method described by Weil et al. (2003), with slight modification
as described in Culman, Freeman, and Snapp (2012a). Briefly, three replicate subsamples of the same
composited, air-dried soil (2.5-g) from each size class were weighed into 50-mL centrifuge tubes.
Twenty-milliliters of 0.02 mol L–1 KMnO4 was added to each tube and the mixture was shaken for
exactly 2 min (240 strokes min–1) and allowed to settle for exactly 10 min. Following settling, 0.5-mL
of the supernatant was transferred into another 50-mL centrifuge tube and mixed with 49.5-mL of
deionized water. Sample absorbance values were read with a spectrophotometer at 550 nm and used
to calculate POXC concentration.
Mineralizable carbon
Measurement of mineralizable C was based on a 1-day aerobic incubation (e.g., Franzluebbers 2016;
Franzluebbers et al. 2000). There are permutations of mineralizable C measurement methods used by
researchers, including incubation time and amount of water added. Here, we used a method that is
amenable to a high-throughput framework necessary for adoption by commercial soil testing
laboratories. Three replicate subsamples of the same composited, air-dried soil (10-g) from each
size class were weighed into three polypropylene 50-mL centrifuge tubes. To each tube, deionized
water was added to adjust soil water content to 50% water-holding capacity, which was determined
based on the difference in weight between a saturated soil that was allowed to drain for an hour and
the weight of an oven-dried soil at 105°C for ~ 24 h. The tubes were capped tightly with lids
containing rubber septum and incubated at ~ 23°C for 24 h. The headspace air was mixed by
pumping a syringe three times before taking a 1-mL air sample and injecting it into an LI-820
infrared gas analyzer (LI-COR, Biosciences, Lincoln, NE) to estimate the concentration of CO2
released during the 24 h incubation. Mineralizable C was calculated as the difference between CO2
concentration in the sample and ambient CO2 concentration in the blank control, using the headspace volume and the ideal gas law (Zibilske 1994).
Soil protein
Soil protein measurement was conducted following the procedure described by Hurisso et al. (2018).
Three replicate subsamples of the same composited, air-dried soil (3-g) from each size class were
weighed into three 50-mL glass centrifuge tubes. Twenty-four milliliters of 0.02 mol L–1 sodium
citrate buffer solution (pH 7) was added to each tube. The soil-extractant mixture was shaken for
5 min (180 strokes min–1) and then subjected to a high temperature and pressure in autoclave (121°
C, 15 psi) for 30 min. Following autoclaving, the tubes were allowed to cool to room temperature,
shaken for 3 min (180 strokes min–1), and then clarified by centrifugation (10,000 × g, 3 min). The
quantity of extracted proteins was measured using the colorimetric BCA assay (Smith et al. 1985).
Ten microliters of the clarified extract and 200 µL of the BCA reagent solution (Thermo Scientific,
PierceTM, Rockford, IL) were pipetted into a 96-well plate and incubated at 60°C for 60 min. Sample
absorbance values were read using a spectrophotometric plate reader at 562 nm and calibrated using
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a standard curve of 0–2000 µg mL–1 bovine serum albumin. Soil protein values were calculated by
multiplying protein concentration in soil extracts by the volume of extractant used, and dividing the
results by the weight of soil used.

Statistical analysis
Analysis of variance (ANOVA) was performed using the PROC MIXED procedure of the Statistical
Analysis System (SAS ver. 9.4, SAS Institute Inc 2015) for testing the effect of sieve size on measured
values and precision of each indicator. To determine the effect of sieve size on analytical variability
(i.e., precision), coefficients of variation (CVs) were calculated separately for each grid point as
standard deviation divided by the mean of three analytical replicate measurements from the same
composited soil sample. The CV values were then used as response variables in a linear model with
sieve size as predictor variable. In the model, sieve size and grid points were treated as fixed and
random effects, respectively. When ANOVA indicated significance (P ≤ 0.05), differences between
means were separated using the PDIFF option of the LSMEANS statement with the Tukey’s HSD
adjustment at the P level of 0.05. All graphing was performed using the ggplot() function from the
ggplot2 package (Wickham 2009) in R (R Development Core Team 2016).

Results and discussion
Effects of sieve size on absolute measured values
Across all three study locations, POXC concentrations in 8-mm, 2-mm, and ground soils ranged
from 233 to 684, 357 to 911, and 252 to 854 mg kg−1 soil, respectively (Table 1). These values are
within the ranges of POXC values reported by Culman et al. (2012b) and Hurisso et al. (2016), who
measured POXC values of 69 to 1468 mg kg−1 soil and 24 to 1469 mg kg−1 soil, respectively, for
samples collected from a wide range of soils and cropping systems across the United States. There
were significant differences in POXC values among soil size fractions, with the 2-mm soils have
greater POXC values than both the 8-mm and ground soils across all three sites (Figure 1). There
were no significant differences in mean POXC values between ground and 8-mm soils except at the
Wood site, where means of POXC were higher in ground soil than 8-mm soil.
Table 1. Descriptive statistics of three emerging soil health test values as affected by soil sieve size at three locations in Ohio, USA
(n = 60 for each mean value). †.
Knox
Statistic

8-mm

2-mm

Mean
SD
Minimum
Maximum

407
76
323
569

495
90
357
709

Mean
SD
Minimum
Maximum
Mean
SD
Minimum
Maximum

33
11
11
50
5.1
1.1
3.5
7.9

42
15
11
71
6
0.7
4.4
7.2

Mahoning
Ground
411
89
279
621
38
11
16
56
5
0.7
3.6
6.2

8-mm
342
54
233
446

Wood

2-mm
Ground
POXC (mg kg–1 soil)
450
373
64
70
359
252
643
512

Mineralizable C (mg kg–1 soil)
21
18
22
9
5
9
8
9
8
35
29
43
Protein (mg g–1 soil)
4.8
1
3.5
7.1

† POXC = permanganate oxidizable carbon; SD = standard deviation.

7.3
2.9
2.4
14.1

5.2
0.7
4
6.8

8-mm

2-mm

560
49
442
684

787
59
683
911

737
64
596
854

39
3
33
45

46
5
35
55

40
5
31
50

6.6
0.5
5.7
7.4

7.7
0.5
6.9
8.7

Ground

7
0.4
6.2
7.7
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Figure 1. Mean values of permanganate oxidizable C (POXC), mineralizable C and soil protein as affected by soil sieve size at three
locations in Ohio, USA. For each indicator, subsamples from the same composited soil were analyzed in triplicate separately for
each grid point before being averaged over all of the 20 grid points. In the statistical model, soil sieve size and grid points were
treated as fixed and random effects, respectively. Within the same site, mean values followed by different lowercase letters were
significantly different at the p ≤ 0.05 level. Error bars represent the standard error of the mean (n = 60).

Mineralizable C values ranged from 8 to 50, 9 to 71, and 8 to 56 mg kg−1 soil in 8-mm, 2-mm, and
ground soils, respectively (Table 1). However, means of mineralizable C were statistically not
different among grind size classes except at the Wood site, where the 2-mm soils had 1.2 times
higher mineralizable C than that of ground and 8-mm soils (Figure 1). Previous studies have shown
that soil disturbance induced by sieving through smaller sieve openings leads to greater C mineralization, generally supporting the results found at the Wood site (Figure 1). Franzluebbers (1999),
for example, found a 10–60% greater C mineralization (3-day incubation) in soils sieved with ≤ 2mm sieve openings than those sieved with ≥ 4.7-mm sieve openings. Wade et al. (2018) also
measured greater mineralizable C (1-day incubation) in 2-mm sieved soils than 8-mm sieved soils.
Such an observation is usually attributed to the release of aggregate-protected potentially labile
source of organic matter following disruption of macroaggregates (Franzluebbers 1999; Grandy and
Robertson 2007).
Soil protein values ranged from 3.5 to 7.9, 2.4 to 14, and 3.6 to 7.7 mg g−1 soil in 8-mm, 2-mm,
and ground soils, respectively (Table 1). These soil protein values agree with those of Fine, van Es,
and Schindelbeck (2017), who reported soil protein values for a large number of samples (n = 2451)
from a wide range of soils in the US Mid-Atlantic, Midwest, and Northeast regions. In that study,
median soil protein values for coarse-, medium-, and fine-textured soils were 9.0 (range: 1.3–31.1),
11.7 (range: 0–242.2), and 14.5 (range: 2.2–60) mg g−1, respectively. Trends in soil protein values
were similar to the patterns observed in POXC, with 2-mm sieved soils having greater protein values
than either ground or 8-mm sieved soils across all three sites (Figure 1). There were no significant
differences in soil protein values between ground and 8-mm sieved soils except at the Wood site.
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Effects of soil grinding versus sieving on precision
To examine how analytical precision of the three emerging soil health indicators would be
affected by soil grinding versus sieving, we used coefficient of variation (CV) from a group of
three analytical replicates of the same composited soil sample. For all indicators but mineralizable C, analytical variability differed significantly between ground and sieved soil samples.
Permanganate-oxidizable C had the highest CV values in 8-mm soil (20 to 35%), followed in
decreasing order by those in ground soil (9 to 9.7%) and 2-mm soil (8.4 to 9.0%; Figure 2). At
Mahoning, CV value of POXC measured in ground soil was almost twice as large as that of 2mm soil (19% vs. 10%, respectively), but differences in CV values of POXC between ground and
2-mm soils were not significant at Knox and Wood sites. For protein, CV values followed the
order: 8-mm soil (5 to 11% CV) > 2-mm soil (2.4 to 2.6% CV) ≥ ground soil (2.6 to 3.2% CV).
At Mahoning, CV value of protein measured in 2-mm soil was almost 6-times higher than that
of ground soil (17.9% vs. 3.2%, respectively), but did not differ significantly between these two
size fractions at Know and Wood sites. Inherent soil variability and repeated application of
broiler chicken litter (4.5 Mg ha−1 yr−1) at the Mahoning site might explain the reason for the
inconsistent patterns observed in POXC and protein CV values between ground and 2-mm
sieved soils compared with those observed at the other two study sites. These results collectively
demonstrate that both POXC and protein were analytically more variable in 8-mm size fractions
than in either 2-mm sieved soil or ground soil.

Figure 2. The effect of soil sieve size on analytical precision (as determined by coefficient of variation, %CV) of emerging soil
health indicators: permanganate oxidizable C (POXC), mineralizable C, and soil protein at three locations in Ohio, USA. For each
indicator, subsamples from the same composited soil were analyzed in triplicate to calculate CV values separately for each grid
point prior to averaging over all of the 20 grid points. In the statistical model, CV values were used as response variables with soil
sieve size as predictor variables. Within the same site, mean CV values followed by different lowercase letters were significantly
different at the p ≤ 0.05 level. Error bars represent standard of the mean (n = 60).
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Conclusions
Overall, results presented here demonstrate that the use of larger size soil fractions such as an 8-mm
sieved soil for measuring POXC and soil protein is more likely to result in lower absolute values,
higher analytical variability and thus minimize their repeatability. Surprisingly, 2-mm sieved soil had
the greatest POXC and protein values across all sites, and greatest mineralizable C value at 1 site.
Our findings that analytical variability of mineralizable C did not differ significantly between ground
and sieved soils (Figure 2) also agree with the observations of Wade et al. (2018), who concluded that
the method of soil processing (i.e., ground versus sieved) has little to no influence on the repeatability of mineralizable C measurement for a given site or soil type.
Greater adoption of soil health testing will require that commercial soil testing labs incorporate
additional methodologies into their current portfolios of analysis offered. Understanding the tradeoffs and implications of soil processing on analysis results and repeatability is a key step to more
wide-spread adoption of these emerging soil health indicators. The data presented here show that
class size does impact both final values and repeatability of analysis. For commercial soil testing labs
that handle a high volume of samples, hand-sieving soils is often not practical, as the time
commitment is too great. Grinding is the preferred approach and these results justify grinding
soils to reduce analytical error and maximize repeatability. Future work should seek to better
understand the mechanism(s) that cause a reduction in total values in POXC and protein values
when samples are ground versus sieved to 2-mm.

Acknowledgments
The authors thank Alan Sundermeier, John Barker, Lee Beers, Skyler Foos, Josh Isaacson and Evan Schaefer for their
assistance with study site identification and soil sampling. This work was supported by the Organic Agriculture
Research & Extension Initiative (2014-51300-22331) from the USDA National Institute of Food and Agriculture.

Funding
Organic Agriculture Research & Extension Initiative 2014-51300-22331

References
Culman, S. W., M. Freeman, and S. S. Snapp. 2012a. Procedure for the determination of permanganate oxidizable
carbon. Kellogg Biological Station-Long Term Ecological Research Protocols, Hickory Corners, MI. (http://lter.kbs.
msu.edu/protocols/133) verified 18 August 2017.
Culman, S. W., S. S. Snapp, J. M. Green, and L. E. Gentry. 2013. Short- and long-term labile soil carbon and nitrogen
dynamics reflect management and predict corn agronomic performance. Agronomy Journal 105:493–502.
doi:10.2134/agronj2012.0382.
Culman, S. W., S. S. Snapp, M. A. Freeman, M. E. Schipanski, J. Beniston, R. Lal, L. E. Drinkwater, A. J. Franzluebbers,
J. D. Glover, A. S. Grandy, et al. 2012b. Permanganate oxidizable carbon reflects a processed soil fraction that is
sensitive to management. Soil Science Society of America Journal 76:494–504. doi:10.2136/sssaj2011.0286.
Doran, J. W., and T. B. Parkin. 1994. Defining and assessing soil quality. In Defining soil quality for a sustainable
environment, J. W. Doran, J. A. E. Molina, and R. F. Harris. ed, 3–21. Madison, Wisc.: SSSA.
Doran, J. W. 2002. Soil health and global sustainability: Translating science into practice. Agriculture, Ecosystems and
Environment 88:119–27. doi:10.1016/S0167-8809(01)00246-8.
Doran, J. W., and M. R. Zeiss. 2000. Soil health and sustainability: Managing the biotic component of soil quality.
Applied Soil Ecology 15:3–11. doi:10.1016/S0929-1393(00)00067-6.
Fine, A., H. M. van Es, and R. Schindelbeck. 2017. Statistics, scoring functions, and regional analysis of a comprehensive soil health database. Soil Science. Society of America Journal 81:589–601. doi:10.2136/sssaj2016.09.0286.
Franzluebbers, A. J. 1999. Potential C and N mineralization and microbial biomass from intact and increasingly
disturbed soils of varying texture. Soil Biology and Biochemistry 31:1083–90. doi:10.1016/S0038-0717(99)00022-X.
Franzluebbers, A. J. 2016. Should soil testing services measure soil biological activity? Agricultural and Environmental
Letters 1:150009. doi:10.2134/ael2015.11.0009.

8

T. T. HURISSO ET AL.

Franzluebbers, A. J., R. L. Haney, C. W. Honeycutt, H. H. Schomberg, and F. M. Hons. 2000. Flush of carbon dioxide
following rewetting of dried soil relates to active organic pools. Soil Science Society of America Journal 64:613–23.
doi:10.2136/sssaj2000.642613x.
Grandy, A. S., and G. P. Robertson. 2007. Land-use intensity effects on soil organic carbon accumulation rates and
mechanisms. Ecosystems 10:58–73. doi:10.1007/s10021-006-9010-y.
Haney, R. L., and E. B. Haney. 2010. Simple and rapid laboratory method for rewetting dry soil for incubations.
Communications in Soil Science and Plant Analysis 41:1493–501. doi:10.1080/00103624.2010.482171.
Haney, R. L., F. M. Hons, M. A. Sanderson, and A. J. Franzluebbers. 2001. A rapid procedure for estimating nitrogen
mineralization in manured soil. Biology and Fertility of Soils 33:100–04. doi:10.1007/s003740000294.
Hurisso, T. T., D. J. Moebius-Clune, S. W. Culman, B. N. Moebius-Clune, J. Thies, and H. M. van Es. 2018. Soil
protein as a rapid soil health indicator of potentially available organic nitrogen. Agricultural and Environmental
Letters 3:180006. doi:10.2134/ael2018.02.0006.
Hurisso, T. T., S. W. Culman, and K. Zhao. 2018. Repeatability and spatiotemporal variability of emerging soil health
indicators relative to routine soil nutrient tests. Soil Science Society of America Journal. doi:10.2136/
sssaj2018.03.0098.
Hurisso, T. T., S. W. Culman, W. R. Horwath, J. Wade, D. Cass, J. W. Beniston, T. M. Bowles, A. S. Grandy, A. J.
Franzluebbers, M. E. Schipanski, et al. 2016. Comparison of permanganate-oxidizable carbon and mineralizable
carbon for assessment of organic matter stabilization and mineralization. Soil Science Society of America Journal
80:1352–64. doi:10.2136/sssaj2016.04.0106.
Jan, M. T., P. Roberts, S. K. Tonheim, and D. L. Jones. 2009. Protein breakdown represents a major bottleneck in
nitrogen cycling in grassland soils. Soil Biology and Biochemistry 41:2272–82. doi:10.1016/j.soilbio.2009.08.013.
Karlen, D., M. Mausbach, J. Doran, R. Cline, R. Harris, and G. Schuman. 1997. Soil quality: A concept, definition, and
framework for evaluation (a guest editorial). Soil Science Society of America Journal 61:4–10. doi:10.2136/
sssaj1997.03615995006100010001x.
Karlen, D. L., C. A. Ditzler, and S. S. Andrews. 2003. Soil quality: Why and how? Geoderma 114:145–56. doi:10.1016/
S0016-7061(03)00039-9.
Karlen, D. L., S. S. Andrews, B. J. Weinhold, and T. M. Zobeck. 2008. Soil quality assessment: Past, present and future.
Journal of Integrated Bioscience 6:3–14.
Ladoni, M., A. Basir, and A. Kravchenko. 2015. Which soil carbon fraction is the best for assessing management
differences? A statistical power perspective. Soil Science Society of America Journal 79:848–57. doi:10.2136/
sssaj2014.10.0426.
Lucas, S. T., and R. R. Weil. 2012. Can a labile carbon test be used to predict crop responses to improve soil organic
matter management? Agronomy Journal 104:1160–70. doi:10.2134/agronj2011.0415.
Moebius-Clune, B. N., D. J. Moebius-Clune, B. K. Gugino, O. J. Idowu, R. R. Schindelbeck, A. J. Ristow, H. M. van Es,
J. E. Thies, H. A. Shayler, M. B. McBride et al. 2016. Comprehensive assessment of soil health – The cornell
framework manual, Edition 3.1. Geneva, NY: Cornell University.
Morrow, J. G., D. R. Huggins, L. A. Carpenter-Boggs, and J. P. Reganold. 2016. Evaluating measures to assess
soil health in long-term agroecosystem trials. Soil Science Society of American Journal 80:450–462. doi:
10.2136/sssaj2015.08.0308.
Nannipieri, P., and E. Paul. 2009. The chemical and functional characterization of soil N and its biotic components.
Soil Biology and Biochemistry 41:2357–69. doi:10.1016/j.soilbio.2009.07.013.
NCERA-13. 2015. Recommended chemical soil test procedures for the North Central Region. North Central Regional
Research Publication No. 221. Missouri Agricultural Experiment Station SB 1001 (http://extension.missouri.edu/
explorepdf/specialb/sb1001.pdf.).
R Development Core Team. 2016. R: A language and environment for statistical computing. Viennna, Austria: R
Foundation for Statistical Computing.
Roberts, P., and D. L. Jones. 2008. Critical evaluation of methods for determining total protein in soil solution. Soil
Biology and Biochemistry 40:1485–95. doi:10.1016/j.soilbio.2008.01.001.
SAS Institute Inc. 2015. SAS/STAT® 14.1 User’s Guide. The MIXED PROCEDURE. Version 9.4. Cary, NC: SAS Institute.
Smith, P. K., R. I. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner, M. D. Provenzano, E. K. Fujimoto, N. M.
Goeke, B. J. Olson, and D. C. Klenk. 1985. Measurement of protein using bicinchoninic acid. Analytical
Biochemistry 150:76–85.
Stine, M. A., and R. R. Weil. 2002. The relationship between soil quality and crop productivity across three tillage
systems in south central honduras. American Journal of Alternative Agriculture 17:2–8.
Wade, J., S. W. Culman, T. T. Hurisso, R. O. Miller, L. Baker, and W. R. Horwath. 2018. Sources of variability that
compromise mineralizable carbon as a soil health indicator. Soil Science Society of America Journal 82:243–52.
doi:10.2136/sssaj2017.03.0105.

COMMUNICATIONS IN SOIL SCIENCE AND PLANT ANALYSIS

9

Weil, R. R., K. R. Islam, M. A. Stine, J. B. Gruver, and S. E. Samson-Liebig. 2003. Estimating active carbon for soil
quality assessment: A simplified method for laboratory and field use. American Journal of Alternative Agriculture
18:3–17. doi:10.1079/AJAA2003003.
Wickham, H. 2009. ggplot2: Elegant graphics for data analysis. New York: Springer.
Wienhold, B. J., S. S. Andrews, and D. L. Karlen. 2004. Soil quality: A review of the science and experiences in the
USA. Environmental Geochemistry and Health 26:89–95. doi:10.1023/B:EGAH.0000039571.59640.3c.
Zibilske, L. M. 1994. Carbon mineralization. In Methods of soil analysis, part 2: Microbiological and biochemical
properties, ed. R.W. Weaver, J. S. Angle, and P. S. Bottomley, 835–863. Madison, Wisc.: SSSA

