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ARTICLE INFO ABSTRACT

Handling Editor: M. Vepraskas A method for characterizing aggregate stability with repeated laser diffraction measurements was tested on soils
spanning the prairie-forest ecotone in northern Minnesota, USA. These soils formed in similar parent material
but display a wide range of upper horizon morphology, organic carbon content, and chemistry, allowing as-
sessment of the method's performance over a wide range of aggregate stability and its utility in identifying
factors influencing aggregate behavior. Equations representing fine material release through breakdown of two
aggregate populations as first-order processes were fit to experimental data. The best-fit parameters for these
equations, and an additional index of persistent water-stable aggregate content, indicated distinct differences in
aggregate behavior among the major horizons of Mollisols and Alfisols. Linear models were developed to explore
the relationships between these parameters and soil physicochemical characteristics for the dataset as a whole
and for subsets corresponding to four zones with different vegetation history, soil orders, and major soil hor-
izons. The relationships identified were relatively weak (R% = 0.30 to 0.70). The best predictors for the para-
meters representing early disintegration of less stable aggregates were cation exchange capacity (CEC) and
effective CEC (ECEC) for the whole dataset, although organic carbon and nitrogen contents also emerged as
predictors for forest and Alfisol subsets. The best predictors for the index of persistent water-stable aggregate
content were organic carbon content, base saturation, or exchangeable Ca/Mg ratio, depending on the particular
subset and fine material size fraction used in the analysis. The relatively weak explanatory power of organic
carbon content as a predictor of aggregate behavior in these experiments was somewhat surprising, given prior
work on aggregate stability. Both CEC and ECEC may serve as proxies for the various combinations of organic
matter and clay content that influence aggregate stability in these samples, explaining their importance as
predictors. It is likely that other factors not examined in this research contributed to aggregate stability, in-
cluding carbonate content, clay mineralogy, and differing frequency and types of pedoturbation under grassland
and forest. The results of this study are relevant to reconstructing the development of texture-contrast profiles as
forest invaded grassland over the past 4000 in the study area, as documented by paleoecological research. In
particular, loss of organic matter below a thin A horizon may have facilitated initial development of an E horizon
in which weak aggregation favored clay eluviation; loss of clay would then have weakened aggregate stability
still further. We suggest this new method for assessing aggregate stability can also be applied to research on soil
erosion and runoff potential as affected by land use and management.
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1. Introduction carbon cycle. Soil organic carbon (OC) contained within aggregates has

a relatively long turnover time because of inaccessibility to microbes

The processes of infiltration under rainfall, soil crust formation, soil
erosion and sedimentation are all influenced by the stability and dis-
integration of aggregates as water interacts with soil (Le Bissonnais,
1996; Green and Hairsine, 2004; Singer and Shainberg, 2004). In ad-
dition, research on the role of aggregation in the accumulation and
turnover of OM has a long history (Six et al., 2004) and has recently
assumed even greater importance because of its relevance to the global
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and/or stabilization through complexation with mineral surfaces and
dissolved metal ions (Tisdall and Oades, 1982; Jastrow et al., 1996; Six
et al., 1998; von Lutzow et al., 2008).

The processes that can influence aggregate stability have been re-
cognized for many years (Six et al., 2004). These include the activities
of soil fauna and microorganisms, processes associated with plant roots,
physical processes such as wetting and drying or freeze-thaw cycles,
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cultivation and other agricultural practices, and formation of inorganic
cements. Especially at the scale of microaggregates (those < 250 pm),
aggregation is closely linked to the addition and decomposition of or-
ganic matter (OM) and the surface chemistry of clay minerals. In par-
ticular, microaggregates develop through formation of clay-polyvalent
metal cation-organic matter (C-P-OM) complexes; C-P-C and OM-P-OM
complexes can also play a role (Edwards and Bremner, 1967). Tisdall
and Oades (1982) introduced the concept of a hierarchy of aggregate
classes differentiated by size as well as binding mechanism. Individual
mineral grains and aggregates < 20um are bound together in
20-250 um microaggregates, primarily by C-P-OM complex formation,
and macroaggregates > 250 um made up of smaller aggregates bound
by fungal hyphae, roots, etc.

Aggregate stability is not a simple property, because it represents
resistance to aggregate breakdown through several distinct processes,
categorized by Le Bissonnais (1996) as slaking, physicochemical dis-
persion, differential swelling, and mechanical stress. Tisdall and Oades
(1982) described soil behavior in which macroaggregates rapidly broke
down through slaking while microaggregates resisted slaking but could
be disrupted by ultrasound. Le Bissonnais and colleagues (Leguédois
and Le Bissonais, 2004; Legout et al., 2005) characterized the differing
stability and breakdown products of aggregates in two soils subjected to
experimental slaking, mechanical stress (stirring), and rainfall impact.

Aggregate stability research is typically focused on short-term ef-
fects of soil management; however, longer-term pedogenesis can
strongly influence the stability of aggregates under natural vegetation
and their response to human land use change. A particularly good ex-
ample is provided by the soils typically developed in subhumid mid-
latitude grasslands, with deep accumulation of OM and abundant ex-
changeable Ca?* (Neilsen and Hole, 1964; Pennock et al., 2011), both
favoring aggregate stability. These properties persist to some extent
even under long-term cultivation, likely making the response of these
grassland soils to human land use different from that of forest soils with
shallow subsurface E horizons containing much lower OM and ex-
changeable Ca®>*. From another perspective, development of highly
stable or weak aggregation in upper soil horizons could potentially
influence ongoing pedogenesis, particularly the key process of clay
translocation. In a grassland soil with deep OM accumulation, clay
particle mobilization and illuviation could be limited by stable ag-
gregation, whereas these processes could be much more active under
forest with low OM content below a thin A horizon.

Because of the importance of studying aggregate stability and dis-
integration over a wide range of environments and timescales, and the
complexity of the processes involved, a wide variety of methods for
characterizing aggregate stability and breakdown have been proposed
(Amézketa, 1999; Almajmaie et al., 2017). The most well-established
methods involve wet-sieving, measuring the size distribution of stable
aggregates that do not break down completely, or alternatively, the
fraction of stable aggregates that are retained on one size sieve, after
wetting and agitation for a specific time (Nimmo and Perkins, 2002;
Clement and Williams, 1958; Kemper and Rosenau, 1986; Yoder, 1936).
These methods are limited in their ability to analyze size distributions
of aggregates smaller than standard sieve sizes or to assess intermediate
stages of disintegration.

The issue of disintegration dynamics has been addressed by methods
involving progressive disruption of aggregates with ultrasound, along
with repeated particle size analysis, using techniques such as the pip-
ette/sieve method. The observed changes in apparent particle size
distribution (PSD) are then characterized as a function of total dis-
ruptive energy applied (Field et al., 2006; Field and Minasny, 1999;
Hunter and Busacca, 1989; Levy et al., 1993; North, 1976; Raine and
So, 1993). Field and Minasny (1999) showed that aggregate disin-
tegration can be modeled as a first-order reaction (i.e., the rate of dis-
integration at a given point in time is equal to a constant times the
content of aggregates remaining at that point).

In the past 20 years, numerous studies have characterized aggregate
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breakdown using laser diffraction particle size analysis, often using
repeated measurements to detect change over time or after specific
treatments. Buurman et al. (1997) and Muggler et al. (1997) used laser
diffraction analysis to examine aggregation in Oxisols in Brazil, com-
paring samples with varying degrees of dispersion. Fristensky and
Grismer (2008) used laser diffraction analysis to identify subgroups of
micro- and macroaggregates and to characterize their response to
varying amounts of energy applied with ultrasound. Rawlins et al.
(2013, 2015) described methods of aggregate stability assessment using
laser diffraction measurements of the particle size distributions of ag-
gregated soil, before and after dispersion. Two other studies observed
changes in particle size distribution over time as a sample circulated in
water. Westerhof et al. (1999) focused on effects of land use change on
aggregates and their progressive disintegration, using repeated laser
diffraction particle size distribution measurements taken at < 1, 10, 20,
and 30 min of circulation. Bieganowski et al. (2010) described a method
involving repeated laser diffraction measurements of a sample circu-
lating in water at a constant rate for 30 min, which reveal progressive
aggregate breakdown. Jozefaciuk and Czachor (2014) employed a si-
milar analysis.

Mason et al. (2011) described a method in for assessing aggregate
stability and disintegration similar to that of Bieganowski et al. (2010),
but with longer-term measurements and a different approach to ana-
lyzing the results. The samples used by Mason et al. (2011) were se-
dimentary aggregates that formed from particles transported by wind
from sources such as dry lake beds, rather than having formed in place
in soils. Samples were suspended in deionized (DI) water, with me-
chanical stress applied by stirring and circulation through a particle size
analyzer at a constant rate for 3 h, with no treatment by ultrasound or
chemical dispersants until the end of the procedure. At that point,
samples were sonicated for 3 min after addition of Na-metaphosphate
(Na-MP), to produce a final, fully dispersed measurement, allowing
detection of especially stable aggregates remaining after 3h of circu-
lation in DI water.

The method of Mason et al. (2011) allows for rapidly repeated
measurements to monitor the breakdown of the least stable aggregates,
which occurs within the first 10-20 min of circulation. However, it also
provides information on slower but still significant ongoing breakdown
that may extend over the full 3h of analysis. The mechanical energy
applied is difficult to quantify, but Mason et al. (2011) assumed that it
is proportional to time of circulation and adapted the approach of Field
and Minasny (1999), using circulation time as a proxy for applied en-
ergy in the following equations used to model aggregate breakdown:

% > 50 um = Agetk0 4 C; 1

% <20 um = Ay(1 — ek) + C, 2

where k; and k, are rate constants, t is circulation time in minutes, A, is
the percentage of < 20 um particles released via aggregate breakdown
in the final PSD after 180 min, C, is the percentage of > 50 ym particles
in the final PSD, and C, is the percentage of < 20 um particles at t = 0
(minimal in some but not all cases). These equations fit most observed
data quite well, although the fit was poor for a few samples.

This paper demonstrates that a modified version of the method of
Mason et al. (2011) provides detailed insight on the stability and dis-
integration dynamics of pedogenic aggregates (formed in place in soil
profiles), reveals significant contrasts between aggregates in soils af-
fected by different natural vegetation history, and helps identify re-
lationships between aggregate behavior and soil properties, such as OM
content and cation exchange capacity (CEC). The soils are mostly under
natural vegetation and aggregation within their horizons can be at-
tributed mainly to natural, long-term pedogenic processes rather than
recent soil management. We suggest, however, that the results are also
relevant to understanding short-term response of these soils to changes
in land cover and land use.

The aggregate stability analyses reported here were part of a larger
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Fig. 1. Study area in northern Minnesota, USA. Examples of aboveground vegetation and soil profiles are shown for the 4 vegetation history zones examined in this
research: Prairie (vegetation: site P-67; profile: site P-98), Transitional Zone (vegetation and profile: site W-70), Forest 2 (vegetation and profile: site W-44), and

Forest 1 (vegetation and profile: site E-133).

study of soil response to natural vegetation change in northern
Minnesota (Fig. 1), where the approximately north-south oriented
boundary between forest and prairie (natural grassland) shifted sub-
stantially over the past several thousand years. A large volume of pa-
leoecological research in this region has shown that prairie vegetation
expanded eastward in the early Holocene, then retreated westward in
the last 4000 yr, driven primarily by climatic change (Bartlein et al.,
1984; Bradbury et al., 1993; Brugam et al., 1988; Clark et al., 2001;
McAndrews, 1966, 1967; Nelson and Hu, 2008; Nelson and Hu, 2008;
Jacobson and Grimm, 1986; Webb III et al., 1983; Whitlock et al., 1993;
Wright, 1976).

Major contrasts in soil morphology are observed across the northern
Minnesota prairie to forest transition, as it was defined by 19th century
land surveys (Almendinger, 1990; Buell and Cantlon, 1951; Severson
and Arneman, 1973). Soils across this ecotone formed in similar loamy
glacial tills. The forest soils are Alfisols marked by A and E horizons
with low clay content over clay-enriched Bt horizons. Forest A horizons
are relatively thin and have weak to moderate granular structure, while
E horizons have weak to very weak blocky or platy structure. The
prairie soils are Mollisols with relatively uniform clay content
throughout the profile and thick OM-rich A horizons with moderate to
strong granular structure that persists even when exposed directly to
rainfall (e.g. in rodent mounds). Soils with intermediate morphology
and structural characteristics are confined to a relatively narrow tran-
sition zone. There is not a clear trend of changing morphology eastward
from that transition zone, even though soils in the farthest east part of
the study area have been occupied by forest for much longer — evidence
that suggests a fairly rapid direct response to vegetation change rather
than other factors such as climate.

The large contrasts in field-observed structural strength between
prairie and forest soils led us to investigate the stability and disin-
tegration rates of aggregates in these soils, applying methods similar to
those of Mason et al. (2011). Our first objective was to test whether this
method could be used to characterize and quantify contrasts in ag-
gregate stability and the rate of aggregation disintegration in these
soils, particularly those associated with the strongly differing upper
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horizon morphology developed under forest and prairie. Secondly, we
sought to identify any significant relationships between soil physico-
chemical properties (OM content, clay content, base saturation, etc.)
and variables representing aggregate stability and disintegration rates,
as identified by this method. These relationships were analyzed for the
sample set as a whole and for groups of soils stratified by their current
morphology (Alfisols vs. Mollisols) and alternatively, by their longer-
term vegetation history.

2. Methods
2.1. Study area

This research was conducted on soils in northern Minnesota that
span the prairie-forest ecotone as defined by 19th century public land
surveys. All of the soils formed in glacial till or similarly loamy cal-
careous sediment of the Des Moines ice sheet lobe or its offshoot the St.
Louis sublobe, deposited during the last glaciation, so soil parent ma-
terial and age are held relatively constant. Modern mean annual rainfall
ranges from ~735mmyr~ ' to ~575mmyr~! (decreasing westward)
and mean annual temperature ranges from 4.70°C to 5.69°C (in-
creasing westward) (National Oceanic and Atmospheric Administration
1981-2010 climate normals).

2.2. Site selection and field sampling

Samples used for aggregate analysis were from A, E (if present) and
uppermost B horizons of 20 soils. These were distributed evenly across
four geographic zones defined by vegetation history: prairie (P), tran-
sition zone (T), forest that replaced prairie after 4000 yr ago (F2), and
forest that persisted through the Holocene (F1).

The soils were sampled within areas defined by targeted soil map-
ping units on slopes < 3.5°. The targeted mapping units were the pre-
dominant well-drained (or moderately well-drained in one case) upland
soils in each zone that are described as having formed from glacial till.
Targeted units of zones F1 and F2 were dominated by the Warba
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(Haplic Glossudalfs) or Nebish (Typic Hapludalfs) series, while those in
zone T were dominated by the Waukon (Mollic Hapludalfs), Chapett
(Alfic Argiudolls), or Naytahwaush (Oxyaquic Hapludalfs with rela-
tively thick, dark A horizons). Sites in zone P were in mapping units
dominated by Barnes or Heimdal (both Calcic Hapludolls). All of the
zone F1, F2, and T soils were under forest at the time of sampling and
have not been cultivated, though most have probably been logged
within the past 50-100 yr. Four of the zone P soils were under perennial
non-native grass cover at the time of sampling, and all could have been
cultivated for several decades, though not within the 20 years before
sampling in 2013-2015, based on landowner information and/or his-
torical aerial photography. One zone P soil was under aspen (Populus
tremuloides) forest that probably replaced prairie within the past few
hundred years.

The specific sampling sites were selected from much larger sets of
randomly generated points within the targeted mapping units, based on
accessibility, landowner/manager permission, and lack of recent dis-
turbance. At each site, the upper soil profile was sampled at 25 random
points and a sampling pit was located at the point where soil mor-
phological properties (e.g. A horizon thickness, depth to Bt or Bk) were
closest to the site median. The pit was excavated into the C horizon,
described in detail, and sampled by subhorizon. Four of the zone P sites
were sampled using three replicate hydraulic soil probe cores (7.6 cm
dia.) per site rather than excavating a soil pit. Samples integrate ma-
terial from the full thickness of horizons and two or three walls of the
soil pit.

2.3. Analysis of aggregate behavior and stability

While larger blocky peds were disturbed in sampling, the samples
used for aggregate analysis were not subsequently crushed or sieved.
Two test samples were analyzed in field-moist and air-dried condition.
The results (discussed below) indicated that moisture content does
substantially affect some, though not all, aspects of aggregate behavior
during analysis; therefore, all samples were subsequently air-dried to
allow comparison at similar moisture contents. Because of the time-
consuming nature of the aggregate analysis, we did not replicate it for
most samples. However, three separate air-dry subsamples of two A
horizons, from an Alfisol and a Mollisol, were analyzed to evaluate
reproducibility (these six replicate experiments are not included in
statistical analyses discussed below).

The results reported here were obtained with a Malvern Mastersizer
2000 MU laser particle size analyzer (though with only minor mod-
ification, the same procedure could be used on most laser diffraction
particle sizers); all results are reported as % by volume. A beaker of
500 mL of DI water was placed in the sample module of instrument,
allowing the water to circulate through the measurement cell while the
water in the beaker was continuously stirred. Dry sample material was
then added until the measured obscuration reached a minimum value of
2%. Repeated measurements of the apparent PSD were then taken
immediately. Each measurement took about 2min and was im-
mediately followed by another measurement for the first 20 min of
circulation; measurements were then made at approximately 10-min
intervals, until the circulation time exceeded 180 min. The pump speed
remained constant at 2000 rpm throughout this time; thus, aggregates
in the circulating sample were subjected to a relative constant level of
mechanical stress from the stirring propeller, the pump, and the effects
of circulation under pressure. After 180 min, the still-circulating sample
was dispersed by adding 10 mL of 50 gL~ ! Na-MP to the beaker, then
applying ultrasound with a probe immersed in the beaker (10.5um
displacement setting) for 3 min. A final fully dispersed (FD) measure-
ment was then made. For all measurements, the Mie optical model was
used, with a refractive index of 1.55 (quartz) and an absorption of 0.1.
Obscuration remained below 20% in most cases.

In every case, over the 180 min of continuous circulation, coarse
(e.g. > 250 um) size fractions generally decreased, while fine fractions,
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e.g. < 16 um and < 2 pm, increased, indicating progressive disintegra-
tion of coarse silt- and sand-sized aggregates into finer aggregates or
primary particles (Mason et al., 2011). These particle size trends are
discussed in more detail in the Results section. We initially attempted to
apply the equations used by Mason et al. (2011) to model increase of
fine fractions, to the trends over time observed for the < 16 ym
and < 2pum fractions in this study, but satisfactory fits to the data
could not be achieved. However, a similar approach proved successful,
assuming two populations of aggregates with different stability and
disintegration kinetics. The increase of < 16 um and < 2 um fractions
were modeled using the following two equations:

% <16 um = Ag1(1 — e™M) + Ag, (1 — e7k) 3)

% < 2um = Agi(1 — ™) + Ag, (1 — e ) ()]

where Ag ; is the total percentage of the primary particles in each size
fraction for aggregates that disintegrate rapidly, Ao, is the percentage
of particles in the same size fraction for aggregates that disintegrate
slowly, k; (for rapidly disintegrating aggregates) and k, (slowly disin-
tegrating) are rate constants for aggregate disintegration, and t is cir-
culation time in minutes. Typically, k; is about one order of magnitude
larger than k,. A and k values were estimated using least squares, with
R? typically > 0.95 for samples used in this study. No term for fine
fraction content at t = 0 (e.g. C, in Eq. (1)) was found to be necessary.
These equations predict that the content of < 16 pum or < 2 um particles
in the suspension asymptotically approaches Ag; + Ao, 5, but this is not
necessarily the full content of these particle sizes in the sample that is
released upon full dispersion. This reflects the fact that many samples
appear to be approaching a steady state content of < 16 ym or < 2 um
particles during the experiment, and the estimated Ay ; and A values
reflect this, but then substantial additional content of these particles is
released with full dispersion. We used the < 16 um fraction in Eq. (4)
for exact comparison with other data from the same project, but results
using the < 20 pm fraction would have been very similar.

2.4. Soil physicochemical characteristics

2.4.1. Soil texture

Previous work has shown that laser diffraction typically measures
values of < 2um clay much lower than, and sometimes poorly corre-
lated with, those obtained by the standard pipet method (e.g.
Beuselinck et al., 1998; Mason et al., 2003). This does not affect our
analyses involving comparison of particle size distributions that were
all measured by laser diffraction; however, we also determined the clay
content of all samples using the pipet method (Gee and Bauder, 1986),
in order to test it as a predictor of aggregate behavior. Samples were
pretreated with 30% H,0, at 70 °C to oxidize organic matter, followed
by dispersion with Na-HMP and shaking for 8 h.

2.4.2. OC and N content

The percentages of organic carbon (OC) and nitrogen (N) by mass
were measured by combustion with a Thermo Scientific Flash 2000 NC
Soil Analyzer. Samples with 1:1 water/soil pH values of =7.0 were
assumed to potentially contain carbonate minerals, and were treated
with fumes from concentrated HCl for up to 32 h to remove carbonates
(Harris et al., 2001; Ramnarine et al., 2011).

2.4.3. Soil chemistry

Soil pH was measured using 1:1 water/soil mixtures by volume.
Exchangeable bases were extracted using 1 M NH,Oac adjusted to
pH 7.0 to displace the bases from the soil samples (Thomas, 1982). The
extracted base cations (Na*, K*, Ca®>*, and Mg>*) were analyzed by
ICP-OES at the University of Wisconsin Whitewater. Exchangeable
acidity at the pH of the soil was measured by extraction with 1 M KCl
followed by titration with NaOH (Thomas, 1982). The exchangeable
bases plus exchangeable acidity was assumed to equal the effective
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cation exchange capacity (ECEC) at the natural soil pH.

Cation exchange capacity (CEC) at pH 7.0 was measured by satur-
ating exchange sites on soil colloidal surfaces with NH, ™", then displa-
cing the NH,* into solution and measuring it using the Kjeldahl method
(Black et al., 1965). Samples were shaken in 1 M NH,4Oac adjusted to
pH 7.0, then let stand in this solution overnight. The samples were then
filtered and rinsed with 50 mL 1 M NH4Oac (pH 7.0), followed by an
ethanol rinse to remove excess NH, " that was not absorbed to the soil.
The adsorbed NH,* was then displaced from the soil sample with
120 mL acidified 10% NaCl, converted to NH3 by a Kjeldahl distillation
and titrated with H,SO,~, with the displaced NH,* assumed to re-
present total CEC.

Base saturation (BS) and effective base saturation (EBS) were cal-
culated as the percentage of CEC or ECEC, respectively, occupied by
exchangeable bases. For soils with pH < 7.0 and some pH-dependent
charge, CEC is generally greater than ECEC, and BS is less than EBS.

2.5. Statistical methods

For each sample, fitting Eqgs. (3) and (4) to the observed changes in
particle size distribution over 180 min yielded two values each for k;
(rate constant for rapid aggregate disintegration) and k, (slower, later
disintegration), one for the < 2um fraction and the other for the <
16 um fraction. As noted in Section 2.3, the sum of the model para-
meters Ag 1 and Ao, » in Egs. (3) and (4) does not necessarily represent
total < 16 um or < 2 pum content in a sample, but these parameters are
still likely to be dependent on sample texture. The ratio Ag1/Ag 2,
however, can be used as an index of the relative proportions of weak
and strong aggregates over a wide range of textures. Besides these
variables used in Egs. (3) and (4), the ratio of the < 2um fraction
or < 16 um fraction in the FD measurement and in the final measure-
ment taken before dispersion at 180 min (FD/180 min) is useful in in-
dicating the relative abundance of especially stable aggregates that
persist through 180 min of immersion in water and the mechanical
stress of stirring and pumping.

To achieve the first objective of this study, we considered whether
the distributions of kq, ks, Ao 1/A¢,2 and FD/180 min differ significantly
between specific horizon types of Alfisols and Mollisols, using a
Kruskal-Wallis test (nonparametric analysis of variance) followed by
pairwise comparisons of distributions using Dunn's test with the
Bonferroni p-value adjustment method (Dunn, 1964). To address the
second objective, we investigated whether soil physicochemical char-
acteristics are important controls on ki, ky, Ao 1/A¢ > and FD/180 min,
by testing linear models with predictor variables including CEC, ECEC,
BS, EBS, pH, clay content, %0C, %N, and exchangeable Ca/Mg. The
statistical analyses were carried out in R (RStudio Team, 2015), in-
cluding the Dunn.test package (Dinno, 2017) and the Im (fit linear
model) function.

3. Results’
3.1. Aggregate behavior

Experimental results can be visualized with plots of the change in
the proportion of individual size fractions over time (Figs. 2, 3), or in
continuous surface plots that portray change in the overall size dis-
tribution over time (Fig. 4). Fig. 2 portrays changes in size fractions for
a single sample. The > 250 um fraction includes macroaggregates,
medium to coarse sand grains, larger coarse mineral fragments, roots,
and other coarse organic fragments (the latter four constituents were
not removed by sieving, to avoid crushing aggregates). This fraction
declines rapidly in most samples, with at least half of the decline

1 Sample IDs, soil physicochemical data, and full statistical results are reported in the
Supplemental Material.
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Fig. 2. Variations for multiple size fractions over the course of the experiment
for an Alfisol (site: W-171 EA). Contents of the coarsest fractions (> 250 ym
and 50-250 pm) decrease over time while finer fractions (< 16 ym and < 2 pm)
increase over time.

occurring in the first 20 min and almost all of it within 50 min, clearly
reflecting disintegration of macroaggregates; the decline is followed by
a relatively stable level, though in some cases with substantial fluc-
tuation. The 50-250 um fraction typically rises sharply to a peak in the
first few minutes of circulation, then slowly declines, reflecting the
initial rapid breakup of > 250 um aggregates into smaller 50-250 um
aggregates, followed by slow disintegration of the latter into smaller
aggregates and primary mineral particles. The short-term fluctuation of
both of these coarse size fractions is probably due to a relatively small
number of coarse organic fragments, aggregates, or sand grains that are
not consistently picked up by the particle size analyzer pump and
measured; given the small sample size, this can produce substantial
fluctuations in the coarsest fractions.

In contrast, trends over time for the < 16 pm fractions are mostly
smooth and monotonic, representing the increase in fine primary mi-
neral particles (and possibly very fine aggregates) with greater circu-
lation time. Trends for < 2 um fractions are similar, but often some-
what noisier and sometimes displaying abrupt fluctuations. Because the
data for these two finer fractions are less noisy and more conducive to
quantitative analysis, we focus largely on them for the remainder of this
paper. The term “fine material” used below refers to results applicable
to both < 16 ym and < 2 um fractions.

Experiments with A horizons of both Alfisols and Mollisols display a
pattern in which initial aggregate disintegration and release of fine
material is limited, with most released slowly over the course of the
experiment (Fig. 3A). Plots of the > 250 um fraction against time (e.g.
Fig. 2) show that much of the initial release of fines comes from mac-
roaggregates. The slow release of fines after ~50 min must come almost
entirely from microaggregates, since the > 250um fraction has
dropped to a stable level by that time. FD measurements reveal that a
substantial portion of fine material is retained within the aggregates
after 180 min of circulation. Mollisol A horizons generally show a
steady rise in fine material content through the end of the experiment;
Alfisol A horizons behave similarly but often appear to approach a
plateau late in the analysis (Fig. 3A). Continuous surface plots provide
insight on how the PSD as a whole changes over the 180 min of cir-
culation (for clarity, FD measurements are not included in the dis-
tributions shown on these plots). Mollisol and Alfisol A horizons display
a PSD dominated by a coarse peak (~100-200um) that is evident
through the entire experiment, though its height slowly decreases over
time (Fig. 4A). Particles that form this peak include primary sand
grains, but many are highly stable aggregates; FD distributions show
that a much smaller fraction of the samples is this coarse. The
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Fig. 3. Plots of the < 16 um fraction released over time during the experiment,
for different soil order and major horizon combinations. FD measurements are
shown with same symbol but in gold for each series of measurements, and their
shape corresponds to their respective soil order-horizon combination. (A)
Mollisol and Alfisol A horizons (sites P-79 Apl and E-73 A, respectively); (B)
Mollisol B, Alfisol E, and Alfisol B horizons (sites P-50 Bw, E-215 E, and E-133
Bt1, respectively). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

persistence of this peak through the experiment indicates the relative
stability of microaggregates—including many as large as
100-200 pm—in all of the A horizons.

In E horizons (present only in the Alfisols) aggregates disintegrate
rapidly within the first few minutes of the experiment (Fig. 3B). Fine-
material content quickly reaches a plateau, with little change through
the rest of the 180 min. Very little additional fine material is released by
full dispersion, that is, very few aggregates remain after the initial
phase of rapid breakdown. Continuous surface plots of E horizons dis-
play a multimodal size distribution that develops rapidly (almost in-
stantaneously in some cases), with dominant peak much finer
(< 20 um) than that observed in A horizons, a prominent secondary
fine shoulder (~0.1um), and a poorly defined coarse shoulder
(> 100 um) (Fig. 4B). This pattern approximates the FD distribution,
that is, it largely represents primary mineral particle sizes.

Mollisol B horizon samples show similar behavior to Mollisol A
horizons (Fig. 3B), with limited rapid disintegration followed by a
steady and slower disintegration, which does not plateau during the
three-hour experiment. Mollisol B horizons, however, appear to have a
smaller content of aggregates that persist for 180 min of circulation
than do Mollisol A horizons, since they release less fine material at the
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point of full dispersion. A modal peak that persists through the ex-
periment but diminishes in height indicating that it is formed at least
partly of microaggregates is evident in continuous surface plots of
Mollisiol B horizons (Fig. 4C). The diameter corresponding to this peak
varies somewhat more in Mollisol B horizons than in Mollisol A hor-
izons, corresponding to varying sand content in the FD distribution,
which suggests microaggregates are not as important a component of
the primary peak in the B horizons.

Alfisol B horizons display a large release of fine material at initial
stages of the experiment, analogous to E horizons, but with at least
some ongoing release of fines through the rest of the 3h (Fig. 3B). The
oscillation pattern displayed during intermediate stages of the experi-
ment for the specific Alfisol B horizon shown here could be due to al-
ternating dispersion and re-flocculation of clay particles released from
aggregates. The early release of fine material is clearly displayed in the
continuous surface plot in Fig. 4D. As with Mollisol B horizons, the
dominant modal peak of the Alfisol B horizons varies, probably re-
flecting varying primary sand content. The sample shown in Fig. 4D
displays a coarse shoulder (> 100 um) that simultaneously becomes
less well-defined and decreases in height over time, suggesting slow
disintegration of relatively coarse microaggregates.

Some Alfisol E and B horizon samples yield FD measurements of
the < 2um or < 16 um fractions that are less than the final reading
taken at 180 min, before dispersion. Mason et al. (2011) hypothesized
that this is due to the instrument substantially underestimating the
content of fine clay that is fully dispersed. That is, after 180 min of
circulation much of the clay in these samples has likely been released
from larger aggregates, but it is still not fully dispersed and exists in
coarse clay- or fine silt-size aggregates, which are measured accurately,
or at least not underestimated to the same extent as the fine clay. This
interpretation implies that the < 2 um and < 16 um contents measured
after full dispersion could be underestimated to some degree for all
samples, even those from Mollisol A and B horizons, with FD fine ma-
terial contents much higher than those measured before dispersion at
180 min. That is, it is likely that the FD/180 min ratio underestimates
the true extent to which fine material is retained in stable aggregates
through 180 min of circulation, though it is still a useful index of the
relative content of highly water-stable aggregates.

3.1.1. Effects of moisture content and reproducibility

The two test samples analyzed in initially field-moist and air-dry
conditions (Fig. 5A, B) included an A horizon and an E horizon from a
forest site. The results demonstrate that initial moisture content can
have a substantial effect on overall particle size trends and on the
parameters Ky, ky, Ag 1/Ao, 2, and FD/180 min. Furthermore, the nature
of that effect may vary between horizons from the same site. Fine
material content was greater throughout analyses for both horizons,
indicating lower aggregate stability, when they were initially field
moist rather than air-dry. For the A horizon sample (Fig. 5A), the best-
fit values of k; and k; are very similar between analyses starting from
field moist and air-dry conditions, but Ag /A, » is much higher and
FD/180 min is lower for the initially field moist analysis. For the E
horizon sample (Fig. 5B), there are somewhat larger differences of k;
and k, between field-moist and air-dry analyses, but a smaller differ-
ence for Ag1/A and almost no difference for FD/180 min (these gen-
eralizations apply to both < 2pum and < 16 pm fractions).

Replicate analyses of two samples suggest high reproducibility of
the overall particle size trends for Alfisols and Mollisols (Fig. 5C, D).
Variability of estimated parameters between replicates is substantial,
but small compared to the significant differences of these parameters
between horizon types of Mollisols and Alfisols (next section).

3.1.2. Statistical analysis of differences in aggregate stability and
disintegration rates

As described in Section 2.5, we used parameters of the models de-
scribed by Egs. (3) and (4) (kq, ko, Ag1/Ao, 2) and the ratio FD/180 min
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Fig. 4. Continuous surface plots of PSDs, for different soil orders and major horizon combinations. Height of surface represents relative abundance of each particle
size class, as it changes over time from O to 180 min of circulation. (A) Mollisol A horizon (site W-22 A1); (B) Alfisol E horizon (site E-215 E); (C) Mollisol B horizon

(site P-67 Bt1); (D) Alfisol B horizon (site E-73 BE).

to quantitatively differentiate and analyze aggregate behavior. Here we
focus on how these parameters differ between samples from major
horizons of Alfisols and Mollisols, using results for the < 16 pm fraction
(Eq. (3)) only (descriptive statistics in Table 1). Kruskal-Wallis tests
found that all four of these parameters vary significantly by soil order/
horizon combination (Table 1).

Pairwise Dunn's tests found that for all parameters except ki, the
values estimated for Mollisol A horizons were drawn from significantly
different distributions than those estimated for Alfisol E and B horizons
(Table 1). Additional significant pairwise differences were found for
individual parameters (see Table 1 for data supporting the following
discussion). The k; value of a sample represents the rate of initial, rapid
increase of fine material from weaker aggregates. Alfisol E horizons
have by far the highest median value and largest interquartile range of
k; of any of the major horizon types, while Mollisol A horizons have the
lowest median k; values, indicating slow initial disintegration, followed
by Mollisol B horizons; both of these have low interquartile ranges.
Alfisol A and B horizons have similar median k; values, intermediate
between those for Mollisol A and B horizons and those for E horizons.
Besides the consistent difference between Mollisol A and Alfisol E and B
horizons, Mollisol B horizon k; values are also drawn from a sig-
nificantly different distribution than those for Alfisol E horizons.

All of the horizon types have relatively similar median values and
interquartile ranges of k, (rate constant for the more stable aggregate
pool, dominating the overall slow rate of rise in fine material late in the
experiment), though the median is lowest for Mollisol A and B horizons.
The only significant pairwise difference for k, is between Mollisol A and
Alfisol B horizons.

Mollisol A and B horizons and Alfisol A horizons have relatively low
values of Ag /Ao, 2, with medians below 0.7, while Alfisol E and B

horizons have higher values (> 1.0), indicating that more of the total
fine material in the latter two horizon types is in aggregates that break
down quickly in the early stages of the experiment. For Ay 1/Ao, » there
are numerous significant pairwise differences, between Mollisol A
horizons and both E and B horizons of Alfisols, between Alfisol A hor-
izons and E and B horizons of the same order, and between Mollisol B
horizons and Alfisol E and B horizons.

Median values for FD/180 min are similar for Mollisol A and B
horizons and Alfisol A horizons, between 1.3 and 1.5; these values well
above 1.0 indicate substantial persistence of stable aggregates through
180 min of circulation. The ratios for Alfisol E and B horizons are much
lower, close to or < 1.0, indicating almost complete disintegration of
aggregates through circulation in water alone without chemical dis-
persion or sonication. Pairwise comparisons confirm that FD/180 min
for Alfisol E and B horizons are drawn from significantly different
distributions than both Mollisol A and B horizons and Alfisol A hor-
izons.

3.2. Models for aggregate behavior as response to physicochemical soil
characteristics

We tested a wide variety of linear models to predict ky, Kz, Ao 1/A¢,2,
and FD/180 min from soil properties including CEC, ECEC, %clay, %
0OC, %N, pH, BS, EBS, and exchangeable Ca/Mg. Models were tested for
the entire dataset, and for the subsets of Mollisols, Alfisols, major
horizon types (A, B, E), vegetation history zones (F1, F2, T, and P) (see
Tables S3 and S4 in the supplementary information for full results in-
cluding those not discussed here). Horizon types subdivided by soil
order had low n and did not yield any significant models. Both the
predictor variables and the parameters predicted were log-transformed
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Fig. 5. Assessment of this method's sensitivity to initial moisture content and its overall reproducibility (both for the < 16 pm fraction). Parameters for Eq. (3) fit to
each sample are included in the legends. (A) A horizon field-moist vs. air-dry conditions (site E-105 A); (B) E horizon field moist vs. air-dry conditions (site E-105 EA);
(C) Replicate measurements for an Alfisol (site W-39 A); (D) Replicate measurements for a Mollisol (site P-98 Al).
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Table 1
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Descriptive statistics for aggregate stability parameters (Eq. (3)) by soil order/major horizon combinations, along with results of Kruskal-Wallis tests and pairwise
comparisons of soil order/major horizon values using Dunn's test. For Kruskal-Wallis (K-W) tests, p-values < 0.05 are interpreted as indicating parameter values vary
significantly by soil order/major horizon combination. For pairwise comparisons, p-values are for null hypothesis that samples from both pair members were drawn
from the same distribution and are shown where < 0.05, interpreted as a significant difference between distributions.

k; (K-Wp < 0.0001)

Pairwise comparison of distributions

Soil horizons 1st Quartile Median 3rd Quartile Mollisol A Mollisol B Alfisol A Alfisol E Alfisol B
Mollisol A 0.107 0.120 0.159 X - - p < 0.0001 p < 0.05
Mollisol B 0.161 0.164 0.207 - - p < 0.05 -

Alfisol A 0.197 0.271 0.333 - - X - -

Alfisol E 0.439 0.474 0.722 p < 0.0001 p < 0.05 - X -

Alfisol B 0.284 0.300 0.371 p < 0.05 - - -

ko, (K-Wp < 0.01) Pairwise comparison of distributions

Soil horizons 1st Quartile Median 3rd Quartile Mollisol A Mollisol B Alfisol A Alfisol E Alfisol B
Mollisol A 0.009 0.011 0.012 X - - - p < 0.05
Mollisol B 0.010 0.010 0.011 - - - -

Alfisol A 0.011 0.013 0.016 - - - -

Alfisol E 0.014 0.016 0.020 - - - -

Alfisol B 0.015 0.016 0.018 p < 0.05 - - -

Ao, 1/Ap,2 (K-W p < 0.0001) Pairwise comparison of distributions

Soil horizons 1st Quartile Median 3rd Quartile Mollisol A Mollisol B Alfisol A Alfisol E Alfisol B
Mollisol A 0.317 0.527 0.640 X - - p < 0.0001 p < 0.01
Mollisol B 0.462 0.520 0.562 - - p < 0.01 p < 0.05
Alfisol A 0.568 0.652 0.803 - - X p < 0.05 -

Alfisol E 1.014 1.167 1.751 p < 0.0001 p < 0.01 p < 0.05 X -

Alfisol B 0.795 1.026 1.559 p < 0.01 p < 0.05 - -

FD/180 min (K-W p < 0.0001) Pairwise comparison of distributions

Soil horizons 1st Quartile Median 3rd Quartile Mollisol A Mollisol B Alfisol A Alfisol E Alfisol B
Mollisol A 1.284 1.479 1.783 X - - p < 0.0001 p < 0.0001
Mollisol B 1.423 1.457 1.503 - X - p < 0.05 p < 0.05
Alfisol A 1.275 1.343 1.545 - - X p < 0.001 p < 0.001
Alfisol E 0.904 0.953 1.017 p < 0.0001 p < 0.05 p < 0.001 X -

Alfisol B 0.886 0.927 1.063 p < 0.0001 p < 0.05 p < 0.001 - X

because this yielded approximately linear relationships in some cases
and because the predicted parameters were not normally distributed
(based on the Shapiro-Wilks test) before transformation. The resulting
models are power-law relationships between the untransformed vari-
ables. All models were fit using least squares. Here we mainly discuss
models for the < 16 ym fraction, significant at p < 0.05, for which
R? = 0.33. Important cases where results differ for the < 2 um fraction
are briefly noted. No models using more than one predictor variable
performed better than those with one predictor, based on adjusted R*
and the Akaike Information Criterion (Akaike, 1973), so only the latter
are considered here.

CEC, ECEC, %0C, and %N were by far the most common predictor
variables for k; and FD/180 min, in models with R? = 0.33. Models for
k; involve negative relationships with those variables, i.e. greater ten-
dency for early, rapid aggregate disintegration with decreasing CEC,
ECEC, %0C, and/or %N (Fig. 6, Table 2). Models for FD/180 min in-
volve positive relationships, indicating greater content of stable ag-
gregates that persist to the end of the experiment with increasing CEC,
ECEC, %O0C, and/or %N (Fig. 7, Table 2).

Both CEC and ECEC clearly emerged as the most broadly applicable
predictors of k; (< 16 um). Models using those predictors were sig-
nificant and had R = 0.33 for all samples, for Alfisols alone, for E
horizons, and for F2 soils; a significant model was also identified for T
soils using ECEC but not CEC (Fig. 6A-D). The relationships for F2 soils
are the strongest of these models (R% = 0.59 for CEC, R? = 0.50 for
ECEC). Models using %0C to predict k; (< 16 um) were significant,
with R? = 0.33 only for E horizons, though a model with R? = 0.32 was
identified for F2 soils (Fig. 6E). Using %N as a predictor of k; (< 16 um)
produced significant models with R? = 0.33 for E horizons, F2 soils,
and T soils (Fig. 6F). Modeling k; (< 2um) yielded similar results,
though with moderately higher R* in some cases and with %N as an
additional predictor for the whole sample set and for Alfisols (not
shown).
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In contrast to the case with k; (< 16 um), CEC and ECEC do not
emerge as predictors of FD/180min (< 16um) at all. Significant
models with R? = 0.33 instead involved relationships with %OC, %N,
BS, and/or exchangeable Ca/Mg, often fairly weak. (Fig. 7, Table 2).
FD/180 min (< 16 um) is positively related to %OC for Alfisols, F1
soils, and F2 soils, with R*> = 0.33 and as high as 0.71 for the F2 subset
(Fig. 7A,B; a significant model for the whole dataset had R? = 0.31.
Models for FD/180 min (< 16 pm) using %N as a predictor were sig-
nificant for all samples, Alfisols, F1, F2, and T soils, with particularly
high R? for F1 and F2 subsets (Fig. 7C, D). FD/180 min (< 16 pm) is
positively related to BS or Ca/Mg in significant models identified for a
few subsets (E horizons, B horizons, F2 soils; Fig. 7E, F). FD/180 min
(< 2pum) is positively related to BS for E horizons, and to CEC, %N, and
%OC for F2 soils (not shown).

Few models with R? = 0.33 could be developed for either ks or Ao/
Ao (< 16um or < 2um), either for the whole dataset or subsets.
Those that were identified involve negative relationships of k, with Ca/
Mg, pH or clay, positive relationships of Ag 1/Aq » with Ca/Mg, ECEC, or
CEC, all for individual subsets (Tables S3 and S4 in the supplemental
information).

A final noteworthy observation is that significant predictive models
could not be identified for any of the parameters for the overlapping
subsets of Mollisols, A horizons, or P soils (Table 2). Thus, variation
within those subsets could not be explained by the physicochemical
characteristics we tested as predictors, despite the distinctive behavior
of their aggregates relative to other subsets.

4. Discussion
4.1. Pedogenic aggregate behavior

The results of this study demonstrate that the method developed by
Mason et al. (2011) for assessing sedimentary aggregate stability can
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Fig. 6. Best-fit simple linear regression models predicting k; from physicochemical soil characteristics. All variables have been log-transformed in order to approach
normal distributions. (A) CEC for all samples; (B) ECEC for all samples; (C) CEC for E horizons and F2 soils; (D) ECEC for E horizons, F2 soils, and T soils; (E) %OC for
E horizons and F2 soils; (F) %N for E horizons, F2 soils, and T soils.

also provide valuable information on pedogenic aggregate behavior.
Plots of fine material increase over time and continuous surface plots of
overall change in the PSD both reveal large differences between

Table 2

samples, in terms of aggregate disintegration rates and content of per-
sistent, water-stable aggregates. These plots bring out the particularly
large contrast between E horizons and the A horizons of both Mollisols

Simple linear regression results for < 16 pm fraction, models predicting k; and FD/180 min from physicochemical properties for all samples and subsets (all variables
log-transformed). Symbols next to adjusted R? indicate significance level.

Samples k1 FD/180 min
Variable Slope Intercept Std. error Adj. R? AIC Variable Slope Intercept Std. error Adj. R? AIC
All (n = 59) ECEC -0.63 0.17 0.23 0.46 —7.51 %0C 0.14 0.06 0.10 0.31 —98.26
CEC —0.62 0.17 0.24 0.34 4.36 %N 0.18 0.26 0.10 0.35 —102.30
Alfisols (n = 40) ECEC -0.51 0.09 0.19 0.34 —15.03 %0C 0.13 0.03 0.08 0.41 —-87.19
CEC -0.50 0.13 0.19 0.35 —15.60 %N 0.17 0.22 0.07 0.48 —91.94
Ca/Mg 0.36 -0.18 0.08 0.33 —82.02
Mollisols (n = 19) No significant relationships No significant relationships
A horizons (n = 27) No significant relationships No significant relationships
E horizons (n = 16) ECEC —0.64 0.26 0.16 0.47 —8.53 BS 0.18 0.001 0.04 0.43 —58.11
CEC —0.63 0.28 0.16 0.49 —9.00
%0C —0.44 —0.40 0.17 0.41 —6.65
%N —0.60 -1.07 0.16 0.49 -9.16
B horizons (n = 16) No significant relationships Ca/Mg 0.66 -0.27 0.09 0.41 —29.09
Prairie (n = 16) No significant relationships No significant relationships
Transition (n = 16) ECEC -0.77 0.41 0.24 0.47 3.01 %N 0.23 0.26 0.11 0.42 —-22.19
%N —0.49 -0.96 0.26 0.34 6.54
Forest 2 (n = 15) ECEC —0.65 0.19 0.17 0.50 -6.97 %0C 0.17 0.06 0.06 0.71 —39.96
CEC -0.71 0.31 0.15 0.59 —-9.84 %N 0.21 0.27 0.06 0.66 —37.46
%0C -0.27 -0.51 0.20 0.32 -2.31 Ca/Mg 0.42 -0.20 0.08 0.44 —30.03
%N -0.37 —-0.88 0.19 0.37 -3.28
Forest 1 (n = 12) No significant relationships %0C 0.15 0.06 0.08 0.44 -23.97
%N 0.22 0.31 0.06 0.62 —28.82
pH 1.26 —-0.86 0.08 0.31 —21.55

* p < 0.05.

* p < 0.01.

=+ p < 0.001.
s po < 0.0001.
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Fig. 7. Best-fit simple linear regression models predicting FD/180 min ratios from physicochemical soil characteristics. All variables have been log-transformed. (A)
%OC for Alfisols; (B) %OC for F1 soil, and F2 soils,; (C) %N for Alfisols, (D) %N for F1 soils, F2 soils, and T soils, (E) Base Saturation for E horizons; (F) Ca/Mg for B

horizons and F2 soils.

and Alfisols, while other differences are more subtle but still evident. It
is worth noting that the trends in particle size fractions as a function of
circulation time, observed in this study, are quite similar in form to
trends observed as a function of energy applied by ultrasound in the
study of Fristensky and Grismer (2008), suggesting that both ap-
proaches provide similar information on the dynamics of aggregate
breakdown.

The rapid early release of fines, especially from E horizons but to
some extent even in Mollisol A horizons, is consistent with an important
role for slaking of aggregates in the first stages of these experiments.
The ongoing release of fine material, but at progressively lower rates
over time, would then reflect increasing predominance of differential
swelling, physicochemical dispersion, and mechanical stress as me-
chanisms of aggregate disintegration. To some extent, this transition in
disintegration process may explain why the assumption of two ag-
gregate populations in Egs. (3) and (4) fits most of the experimental
data so well. The almost complete loss of macroaggregates within the
first 20-50 min suggests a high susceptibility to slaking and is con-
sistent with the hierarchy of aggregate size and stability first described
by Tisdall and Oades (1982). The persistence of a slowly declining
primary mode, > 50 um in many A and B horizon samples, makes it
clear that some relatively large microaggregates remain through much
or all of the experiment (Fig. 4).

By modifying the approach of Mason et al. (2011) to include an
assumption of two aggregate populations, first-order rate law models
provided a good fit to observed aggregate disintegration over time, in
most cases. The parameters estimated for these models can be related to
soil morphology in many cases. In particular, Mollisol A horizons with
relatively slow aggregate disintegration and abundant stable aggregates
have significantly lower ki, lower Ag1/Aq 2, and higher FD/180 min
than E horizons. Alfisol A horizons have median values of k;, Ag 1/A¢ 2,
and FD/180 min that are similar to those of Mollisol A horizons but
offset somewhat in the direction of lower aggregate stability. This ob-
servation is consistent with moderately faster disintegration of
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aggregates in many Alfisol A horizons relative to those of Mollisols.
Alfisol B horizons are relatively close to E horizons in their behavior,
except for their lower k; values, and they also significantly differ from
Mollisol A horizons for most parameters. Mollisol B horizons have be-
havior closer to that of Mollisol or Alfisol A horizons than to the Alfisol
B horizons; they are not significantly different from either group of A
horizons for any parameter, but they do differ significantly in some
cases from Alfisol B and E horizons.

Based on these observations and the data collected on soil physi-
cochemical properties, the most obvious explanation for differences in
aggregate behavior involves OM content, though other possible factors
are also apparent. Mollisol A horizons have high OM content relative to
most other soil horizons sampled in this research, clearly suggesting
that OM could explain their relatively slow aggregate disintegration
and high stable aggregate content. Alfisol A horizons also have rela-
tively high OM content, but could possibly have different OM compo-
sition, affecting their behavior. Mollisol A horizons also have BS and
EBS of ~100% and four out of 14 of them have pH > 7.0 (data not
shown), suggesting the presence of carbonate minerals. Both of these
properties imply an abundant supply of Ca®>* and Mg?™, limiting clay
dispersion and stabilizing aggregates. In contrast, while Alfisol A hor-
izons have EBS near 100%, their BS is often somewhat lower and their
pH is always < 7.0, possibly explaining their somewhat different be-
havior.

The behavior of E horizons, with rapid disintegration and few per-
sistent stable aggregates, is consistent with a major role for OM, since
these horizons are OM-poor. The E horizons in this study also generally
have lower BS than all Mollisol A horizons, and relatively low clay
content, both of which could reduce aggregate stability. Mollisol and
Alfisol B horizons displayed surprisingly different behavior. Mollisol B
horizons have much higher FD/180 min ratios; while Alfisol B horizons
have similar k; values to Alfisol A horizons, their FD/180 min values
are similar to those of Alfisol E horizons. The B horizons of both soil
orders have similarly low OM content, and have a wide range of clay



C.S. Kasmerchak et al.

Geoderma 338 (2019) 430-444

A
0.5
E horizon Trend Line
o0l Ko
... O
o .9 o0 ° °
— O
=3 oo 0%% o
093'0-5* ® o B b‘u.pg&.
o 00 ° o .09
[5) o) Q@0 -
° 009
1.0 e g
o Alfisol A O Mollisol A o
0 Alfisol E @ Mollisol B
@ Alfisol B
-1.5 T T T T T
1.5 -10 -05 0.0 0.5 1.0 1.5
|Og10(%OC)

®

0.4 -
[¢]
o
@ Q
E 0.2 ° o .. [e} ® o
- K
3 o o (SIS
= 0.0 G050 . o=
E ,_...---QCQO‘"&" [5)
~ | o 0 o
g’ o E horizon Trend Line
S o2
0.2 °
o Alfisol A O Mollisol A
0 Alfisol E- @ Mollisol B
@ Alfisol B
'04 T T T T T
-15 10 -05 00 0.5 1.0 1.5
log10(%OC)
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contents. Mollisol B horizons have BS of ~100% and three out of six of
these horizons have pH > 7.0, however. Most Alfisol B horizons have
pH < 6.0 and BS < 85%, probably increasing the likelihood of clay
dispersion and aggregate disintegration.

4.2. Interpretation of linear modeling results

Given the observed trends between soil order and horizon types, it is
initially somewhat surprising that %OC did not emerge as the most
important predictor of the parameters of Egs. (3) and (4) or of FD/
180 min, and BS was only rarely identified as a predictor at all. Instead,
ECEC and CEC were most often identified as predictors of one para-
meter (k;), usually in models with relatively low R?, while similar weak
relationships with %OC and %N are mainly evident in models of k; and
FD/180 min for certain subsets, especially E horizons, F2 soils, and T
soils.

Scatterplots provide some insight into why there are not clearer
relationships of k; or FD/180 min with %OC for the whole dataset
(Fig. 8). In the case of ki, E horizons display a linear relationship be-
tween that variable and %OC (Fig. 6E). Alfisol and Mollisol A horizons
have k; values roughly consistent with that relationship, but Alfisol A
horizons tend to have higher k; values (more rapid early breakdown)
than do Mollisol A horizons with similar %OC. This difference, weak-
ening the relationship of k; with %OC for the whole dataset, may reflect
a difference in organic matter composition. The Alfisol A horizons often
contain abundant coarse organic fragments, typical of forest soils (Adu
and Oades, 1978; Mikutta et al., 2007), which contribute to %OC but
add little to aggregate stability. Alfisol and Mollisol B horizons both
have relatively low k; values (less rapid early breakdown), falling
below the %O0C-k; trend of E horizons (Fig. 8A). In Alfisol B horizons,
this slower breakdown may be attributable to high clay content, while
in Mollisol B horizons it could be explained by the presence of carbo-
nates and abundant exchangeable Ca®™.

In the case of FD/180 min ratios, Alfisol and Mollisol A horizons
have the highest FD/180 min ratios, and generally fall well above the %
OC-FD/180 min trend of E horizons (Fig. 8B). It is possible that pro-
cesses more active in A horizons, such as fine root growth and soil
faunal activity, may add to the aggregate stability provided by OM.
Mollisol B horizons also fall above the E horizon trend, but have lower
%OC than that of A horizons; in this case, persistent stable aggregates
may reflect the presence of carbonates and abundant exchangeable
Ca®*, as with k;. Alfisol B horizons appear to fall along the roughly the
same trend as E horizons, indicating both have similar aggregate
strength and OC content. F1 and F2 soils display a linear relationship

with %OC (Fig. 7B). P soils (all Mollisols) do not follow this trend at all
however, and for horizons in the mid- to low-%OC range (mostly B
horizons), P soil horizons have higher FD/180 min than F1, F2, and T
soil horizons. Again, this observation likely reflects the stabilizing effect
of carbonates and exchangeable Ca2™" (the P soils are all Mollisols).

Given the frequency with which ECEC and/or CEC emerge as pre-
dictors of all of the parameters, it is important to consider the potential
complexity in this relationship. Both ECEC and CEC are determined by
multiple physicochemical soil characteristics (e.g. pH, clay mineralogy
and content, and OM) which to some extent can substitute for, or offset,
each other. Using data from the samples analyzed here and additional
horizons from the same soils, Kasmerchak (2016), found that much of
the variance in CEC can be explained by the model:

CEC = 1.12 + 3.54(%0C) + 0.53(%Clay)

n =83, R2=0.81 5)

The variance not explained by this model may in part represent
other factors such as clay mineralogy. For ECEC, pH is also an im-
portant factor, but this property will still be strongly related to OC and
clay content. Eq. (5) implies that a sample with low clay content but
high OC may have a similar CEC to one with higher clay content but
low OC. Greater content of clay minerals with high CEC might similarly
offset low OC. Thus, the relationships with CEC and ECEC that we found
could actually represent underlying dependence of aggregate stability
and disintegration rates on OC and clay content, and possibly clay
mineralogy, which are not evident because of these interactions. In
theory, a more complex multivariate model could represent such mul-
tiple controls and their interactions, but none we tested performed well
at all.

The observation that models using %N as a predictor explained
more variance than those using %OC in some cases is enigmatic. Most N
in these soils is likely to be in organic matter, so N and OC are corre-
lated, though the C:N ratio increases with depth (unpublished data, J.
Mason). Thus, it may simply be a matter of chance that the weak re-
lationships of aggregate stability parameters with %N are sometimes a
little stronger than those with %OC. It is also possible that the re-
lationships with %OC for some samples are weakened by abundant
coarse fragments of minimally decomposed organic matter, which
contribute less to aggregate stability than more N-rich humified organic
matter.

Regardless of the explanations for specific unexpected results of this
effort to relate aggregate stability parameters with soil physicochemical
properties, even the more successful models rarely explain more than
half of the variance. We suggest that this result reflects the limitations
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of such models in representing the many complex factors and processes
that influence aggregate development and stability in forest and
grassland ecosystems. The properties we considered are no doubt in-
fluential, but the models do not incorporate differences in soil faunal
activity, root density, or root exudates associated with specific plant
species, for example.

4.3. Relationships of aggregate stability and pedogenesis under forest and
grassland

In many ways, the most conclusive quantitative results of this study
involve the clear differences between aggregate stability parameters
(k1, Ao,1/Ao2, and FD/180min) associated with specific horizons of
Alfisols and Mollisols. These results demonstrate that pedogenesis
under forest and grassland ecosystems produces soil profiles differing in
aggregate behavior, as well as more obvious differences of organic
matter content and A to B horizon textural contrast. The thick, OM-rich
A horizons of Mollisols stand out because of their slowly disintegrating,
often highly water-stable aggregates. The underlying B horizons also
have at least moderately abundant stable aggregates, possibly related to
carbonate content. In contrast, Alfisols have profiles with thinner A
horizons with relatively stable aggregates overlying E horizons with
minimally stable aggregates, and B horizons with some relatively per-
sistent aggregates, likely due to higher clay content.

These contrasting profiles can potentially be explained by differ-
ences in predominant processes in forest and grassland ecosystems. The
deep OM-rich A horizons of Mollisols can be attributed to the relative
importance of belowground OM additions under grasslands (Parton
et al., 1987; Tisdall, 1996), while predominance of surface additions
under forest can explain much thinner A horizons underlain by OM-
poor E horizons. Despite the difficulty we found in demonstrating a
strong effect of %OC on aggregate stability through linear modeling,
abundant previous research supports an important role for OM in for-
mation of stable aggregates. Other differences between forest and
grassland ecosystems that we did not try to model could also play im-
portant roles. These include differences in root distribution and in the
frequency and type of burrowing and other soil faunal activity and
disturbance (e.g. Hole, 1981; Johnson et al., 1987; Schaetzl, 1986),
which both lead to very different soil OM profiles than those under
forest (Schaetzl and Thompson, 2015). Additionally, the depletion of
Ca®* from subsurface horizons through root uptake and deposition on
the soil surface in litterfall (Lawrence et al., 1995; Attiwill, 1968), could
in theory decrease formation of stable aggregates in Alfisol E horizons
by reducing the potential for Ca®>* bridging between organic matter
and mineral surfaces (Oades, 1984, 1988, 1993; Mikutta et al., 2007;
von Lutzow et al., 2007, 2008).

The results of our aggregate stability experiments, interpreted in
terms of contrasting pedogenic processes under forest and grassland,
also provide important information on how the soils in the study area
may have changed following forest invasion of grassland. Reduced
belowground input of OM and a decline in OM content over time below
a thin A horizon, would have ultimately reduced the stability of ag-
gregates in subsurface horizons; changes in soil faunal activity and
uptake of Ca>* would have also reduced their stability. This in turn
could have led to an increase in downward clay translocation, and ul-
timately allowed texture-contrast profiles to develop. Following initial
clay mobilization, the remaining clay content in the emerging E horizon
would have been lower, perhaps further weakening any remaining
aggregation, and thus acting as a positive feedback on clay transloca-
tion to the B horizon. Any clay added to the E horizon, for example by
bioturbation, would have then been more easily eluviated from it.

4.4. Potential for application to studies of soil erosion and response to land
use change

We did not explore the applicability of the aggregate analysis
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method used here to studying connections between land management
practices, soil structure, surface seal formation, infiltration, and ero-
sion, but the potential for this type of application seems clear. For ex-
ample, results of this study suggest that conversion of our sampling sites
to row crop agriculture could have different impacts in terms of the
subsequent runoff and erosion rates, depending on soil order and ve-
getation history. That is, the slow initial aggregate breakdown, and
abundance of water-stable aggregates, in Mollisol A horizons, suggests
they would behave differently under direct exposure to rainfall than a
plow layer made up of thin Alfisol A horizons, mixed with E horizons
with minimal aggregate stability. This hypothesis could be tested using
field experiments with rainfall simulation, which more broadly is the
best approach for relating results of the method described here to be-
havior of a soil in the field.

5. Conclusions

The method of Mason et al. (2011), using laser diffraction to
monitor aggregate disintegration during 3h of circulation in water,
clearly identified contrasts in pedogenic aggregate stability and disin-
tegration rates among soils formed under grassland and forest. The
model used by Mason et al. (2011) to represent fine material released
by aggregate breakdown as a first-order process (Field and Minasny,
1999) did have to be modified, however, to include two aggregate
populations with different disintegration rates. The most stable ag-
gregates and lowest initial rates of disintegration were observed in A
horizons, particularly those of Mollisols formed under grassland. Ag-
gregates in E horizons of Alfisols formed under forest (or a sequence of
grassland followed by forest) were the least stable and rapidly released
most of the internally-bound fine material. Mollisol B horizons were
also relatively stable, whereas Alfisol B horizons behaved similarly to E
horizons, but with somewhat slower breakdown and evidence for some
persistent water-stable aggregates. The behavior displayed in these
experiments suggested a strong influence of OM and exchangeable
bases on aggregate stability, since the Mollisols A horizons have high
OM and Mollisol B horizons often have high pH and BS of ~100%,
while Alfisol E horizons have low OM and along with Alfisol B horizons
often have lower pH and BS.

Linear modeling did identify %OC and %N as a predictor of para-
meters representing aggregate disintegration rate and highly water-
stable aggregate content in some cases, for some subsets of soils. Other
soil properties, especially ECEC or CEC, were more often identified as
predictors of those parameters, however. Both ECEC and CEC may in-
directly represent effects of OM and clay content, both of which are
thought to influence aggregate stability and either of which can be the
most important contributor to ECEC and CEC in a particular horizon.
Overall, linear modeling suggested that it is difficult to explain the
contrasting behavior of aggregates in different soil horizons using
simple lab-measured physicochemical properties.

The results of this study help explain the transformation of soil
morphology after forest invaded grassland over the past 4000 years in
the study area, particularly the development of texture-contrast pro-
files. The method of aggregate analysis used here may also be valuable
in research on soil response to changes in land cover or management,
though we did not explore that possibility.
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