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A B S T R A C T

Multi-scale evidence of rapid, climate-induced soil structural changes occurring at yearly to decadal timescales
is mounting. As a result, it has become increasingly important to identify the properties and mechanisms
controlling the development and maintenance of soil structure and associated macroporosity. This is especially
relevant since macroporosity has disproportionate effects on saturated hydraulic conductivity (𝐾sat) which
strongly influences water storage and flux, thus, affecting the water cycle. In this study, we use decision trees
and piecewise linear regression to assess the influence of soil and climate properties on effective porosity (EP;
a proxy of macroporosity) in both surface and subsurface horizons under varying land-use and management
practices. Data from 1,491 pedons (3,679 horizons) spanning five ecoregions representing bioclimate (e.g.,
potential vegetation) across the conterminous US demonstrate that, at a continental scale, EP in surface (A)
and subsurface (B) horizons is strongly dependent on the complexed fraction of the total mass of soil organic
carbon (SOC) and clay; a combined fraction that we refer to as complexed organic carbon and clay (COCC).
EP showed a slight positive response to COCC in A horizons but increased steeply with increasing COCC
in B horizons. This is because the smaller values of COCC in B horizons reflect a larger pool of clay that
has a greater potential to accommodate and complex additions of SOC promoting stronger organo-mineral
bonds and the concomitant development and maintenance of soil structure in these horizons. In contrast,
larger values of COCC in A horizons reflect conditions where all or most of the clay fraction is effectively
complexed with SOC resulting in a larger pool of non-complexed soil organic matter with varying contrasting
effects on macroporosity that ultimately mute the response of EP to increases in COCC. In surface horizons,
indirect factors such as mean annual precipitation and land use were important predictors of EP, whereas
COCC was more influential in controlling EP within the subsoil. The EP-COCC relationship also holds within
ecoregions but its effect is mitigated by soil and climate interactions suggesting that the effect of climate on this
relationship is indirect and complex. Plowed surface horizons and horizons underlying plowed layers showed
greater homogenization (due to disturbance effects reducing heterogeneity in the soil) as well as a reduction
in the magnitude and rate of change of EP as a function of COCC compared to undisturbed horizons. Our
findings suggest that the complexed fraction of clay and SOC is important for controlling macroporosity and
𝐾sat at ecoregion scales and that the EP-COCC relationship may be an important framework for understanding
and predicting future land use- and climate-induced changes in soil hydraulic properties.
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1. Introduction

Emerging evidence at plot, hillslope, and continental scales indi-
cates that soil structure (i.e., the arrangement of soil particles and
pores) is changing faster than previously thought – potentially on
decadal timescales – in response to shifts in precipitation regimes (Hir-
mas et al., 2018; Caplan et al., 2019). These structural changes alter soil
acroporosity and saturated hydraulic conductivity (𝐾sat) – properties

in soil that control water storage and flux (e.g., > 70% of water flux
through soil can be controlled by macropores; Watson & Luxmoore,
1986) – and, thus, the water cycle. Specifically, more humid condi-
tions appear to promote a reduction in both macroporosity and 𝐾sat ,
while drier conditions promote an increase in these properties (Hirmas
et al., 2018). The mechanisms governing these rapid responses of
soil structure to changing precipitation regimes remain elusive. Biotic
processes are the most likely explanation for changes in soil structure
on such short timescales (Sullivan et al., 2022). However, given the
suite of plant and microbial dynamics governing the depth distribution
of water, organic carbon, CO2 fluxes (root and microbe), organic acid
production, oxygen availability, and physical mixing via bioturbation
by macrofauna, determining which specific biologically-controlled pro-
cesses are most responsible for these changes and how they are coupled
to alterations of soil fabric is difficult (Six et al., 2004; Wen et al., 2021;
Sullivan et al., 2022; Li et al., 2022).

Since macroporosity strongly depends on particle-size distribution
(PSD) and soil organic carbon (SOC) content (Nemes et al., 2005),
mechanisms involved in biophysical processes responsible for soil struc-
tural changes and alterations of soil material also appear likely to op-
erate in the context of soil texture-SOC interactions. While it is known
that macroporosity and 𝐾sat exhibit a positive relationship (Ahuja et al.,
1984; Watson and Luxmoore, 1986), soil organic matter (SOM) and 𝐾sat
exhibit a more complex relationship (i.e., both positive and negative
relationships) (Nemes et al., 2005; Araya and Ghezzehei, 2019). In
general, increases in SOM have been linked to increased 𝐾sat due to
the influence of SOM on soil aggregation (and stability) and associated
pore-size distribution (Hudson, 1994; Saxton and Rawls, 2006). This
positive association is attributed to increases in SOM content promoting
soil aggregation and lower bulk density, which leads to greater porosity
and higher 𝐾sat (Nemes et al., 2005). Explanations for the negative
association between high SOM and 𝐾sat include: (1) the retention of
water by SOM reducing hydraulic conductivity by allowing less water
to flow freely, and (2) the effect of SOM on soil structure that may allow
more aggregated material to replace larger cracks and clods resulting
in more tortuous and thin pathways for water to flow in addition to
the potential for mobile organic colloids to clog soil pores (Nemes
et al., 2005). Other studies have attributed negative relationships be-
tween SOM and 𝐾sat to SOM causing transient sub-critical soil water
repellency and inhibiting water flow due to reduced wettability (Wang
et al., 2009, 2013; Jarvis et al., 2013; Jorda et al., 2015). These studies
illustrate the varying effects of SOM on hydraulic properties.

Recent work has shown that soil texture influences the direction of
the association between SOM and 𝐾sat . For example, using a machine
learning approach, Araya and Ghezzehei (2019) predicted increasing
𝐾sat with increasing SOC content for all soil textures except the two
coarsest classes (i.e., loamy sand and sand). Their trends suggest that
SOC-induced aggregation increases the relative proportion of large
pores (inter-aggregate pores such as biopores and macropores) in fine
and medium textured soils but increases fine intra-aggregate pores in
coarse-textured soils thereby shrinking larger pores and reducing 𝐾sat
with decreases in 𝐾sat at SOC ≥ 3% predicted for loamy sand and
sand textures (Araya and Ghezzehei, 2019). Similar effects of SOC in
reducing 𝐾sat of coarser soils while increasing that of finer textured

∗ Corresponding author.
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soils were found by Rawls et al. (2004) and Nemes et al. (2005) where
soils with 50% sand and clay contents ranging between approximately
25 to 45% resulted in lower predicted 𝐾sat for soils with higher SOC
(5%) compared to those with lower SOC (1% ≤ SOC ≤ 3%). Both Araya
and Ghezzehei (2019) and Nemes et al. (2005) note the importance of
better understanding this complex relationship between SOC content,
soil texture, and 𝐾sat .

In this study, our overall goal is to examine the degree to which
complexation of clay and SOC is responsible for broad-scale changes
in macroporosity and to understand how climate, land use, vegeta-
tion, and depth interact to shape the effects of these organo-mineral
associations. Specifically, we use data both from across the contermi-
nous US and within five large US ecoregions to explore the linkage
between soil aggregation and macroporosity. We use effective porosity
(EP) – calculated as the difference between total porosity and field
capacity water content – as a proxy for macroporosity because this
information is readily obtainable in many datasets and because 𝐾sat
can be estimated from EP using a form of the Kozeny-Carman equa-
tion proposed by Rawls et al. (1998). In well-drained soils across a
climatic gradient, we hypothesized that lower SOC in arid environ-
ments would lead to a strong positive association with EP because
any addition of SOC in these settings will increase the propensity
for organo-mineral complexation and aggregation and enhance the
proportion of inter-aggregate macropores. In humid environments, the
relationship between organo-mineral complexation, aggregation, and
macroporosity is dampened by the infilling of macropores by microag-
gregates and particulate organic matter. In soils that are disturbed by
agricultural practices, we hypothesized that mechanical disaggregation
and reductions in SOC and organo-mineral complexes would reduce
EP relative to undisturbed soils due to direct land-use effects. Because
macroporosity can have disproportionate effects on 𝐾sat (Giménez and
Hirmas, 2017), understanding the properties and processes control-
ling soil structural development and macroporosity may provide a
foundation for projecting soil ecosystem function.

2. Methods

2.1. Datasets

In this study, we acquired field-based pedon information and
laboratory data collected through the United States Department of
Agriculture–Natural Resources Conservation Service (USDA–NRCS) Na-
tional Cooperative Soil Survey (NCSS) Characterization Database (http
s://ncsslabdatamart.sc.egov.usda.gov). We selected pedons distributed
across broad geographic extents in the US including soils with large
and widespread taxonomic diversity (i.e., Entisols, Inceptisols, Mol-
lisols, Aridisols, Alfisols, and Ultisols); poorly drained soils (i.e., ‘‘very
poorly drained’’, ‘‘poorly drained’’, and ‘‘somewhat poorly drained’’
soil drainage classes) and soils with lithologic discontinuities were
removed. These pedons were grouped into United States Environmental
Protection Agency (US EPA)/United States Geological Survey (USGS)
level I ecoregions (Omernik and Griffith, 2014). Following Hirmas
et al. (2018), soil samples were also grouped into surface layers (A
horizons) that occurred in the upper 25 cm and subsurface layers
(B horizons) that occurred within 25–100 cm of the land surface.
Additionally, horizon data were grouped into Ap (plowed) and Bp
horizons (defined here as B horizons that occur within a profile con-
taining a shallower Ap horizon) resulting in four categories of horizons
(i.e., A, Ap, B, and Bp). In this study, Ap horizons exhibited evidence
of plowing (e.g., platy soil structure) at the time of sampling, but were
not necessarily under current agricultural production. To minimize
2
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effects from confounding variables, morphological horizons containing
concentrations of aggregating agents, such as carbonate (e.g., Bk),
or horizons that were indurated (e.g., Bqm) were not considered in
this study. Calcium carbonate equivalent data was not ubiquitous
across our sites and was therefore not included in these analyses. In
addition, mean annual precipitation (MAP) and mean annual temper-
ature (MAT) products from the Parameter-elevation Regressions on
Independent Slopes Model (PRISM; PRISM Climate Group and Oregon
State University, 2021) were merged with the NCSS data. Ultimately,
we selected level I ecoregions that had all four categories of horizons
(i.e., A, Ap, B, and Bp) which included Eastern Temperate Forests (ETF),
Great Plains (GP), Mediterranean California (MC), North American
Deserts (NAD), and Northwestern Forested Mountains (NWFM). These
ecoregions represent changing bioclimatic conditions (e.g., potential
vegetation) across the conterminous US. In addition, MAP and MAT
were also included in these analyses since steep climatic gradients can
occur within individual ecoregions.

To better understand soil, climate, land use, and depth controls on
macroporosity at a continental scale and across ecoregions, measured,
calculated, and/or derived properties from A, Ap, B, and Bp horizons
as well as MAP and MAT were included in the analyses. These in-
cluded PSD, SOM (which was converted from SOC using the standard
SOM:SOC mass ratio of 1.72), field-capacity volumetric water content
(FC), complexed clay (CC), complexed SOC (COC), mass fraction of
water-stable aggregates (WSA), total porosity (TP), and EP.

CC and COC were calculated following Dexter et al. (2008):

CC = IF
[

𝑛SOC < clay
]

THEN [𝑛SOC] ELSE
[

clay
]

(1)

COC = IF
[

SOC <
clay
𝑛

]

THEN [SOC] ELSE
[

clay
𝑛

]

(2)

where it was assumed that 𝑛 g of clay complex with 1 g of SOC with 𝑛
assumed to be 10 following Dexter et al. (2008). Units for CC and COC
are g 100−1 g−1 (Dexter et al., 2008).

We note that Dexter et al. (2008) found that COC (calculated with a
SOC:clay ratio of 1:10) controlled soil physical properties and behavior
rather than the total amount of SOC. In contrast, Johannes et al.
(2017) found that total SOC controls physical properties rather than
COC, although they did observe that SOC:clay ratio decreases with
decreasing soil structure quality. As a result, they proposed a SOC:clay
ratio > 1:8 as ‘‘very good’’ and yielding field optimal structure, 1:10
< SOC:clay < 1:8 as ‘‘good’’, 1:13 < SOC:clay < 1:10 as structural
‘‘improvement suggested’’, and < 1:13 leading to poor structural con-
ditions. Johannes et al. (2017) note that a SOC:clay ratio of 1:10 is a
reasonable goal even under tillage. These studies used datasets from
Poland and France (Dexter et al., 2008) and Switzerland (Johannes
et al., 2017) with soil properties considerably different than the US
data in our study; however, both highlight the importance of a SOC:clay
ratio of 1:10. In addition, we tested the 𝑛 value by plotting Spearman
correlation coefficients between COC and specific volume for a range
of 𝑛 values and found no meaningful trend in the data; our analysis
depended instead on a consistent partitioning of the potentially com-
plexable mass (i.e., clay and SOC) into complexed and non-complexed
pools (see Fig. A.1 and Section 2.2 Variable transformations and statis-
tical analyses). As a result, in this study, we used a SOC:clay ratio of
1:10 in the calculation of CC and COC.

We combined CC and COC into a single variable representing the
complexed fraction of clay and SOC, abbreviated ‘‘complexed organic
carbon and clay’’ (COCC):

COCC = CC + COC
clay + SOC

(3)

Low to high values of COCC represent an increasing fraction of SOC
complexed with clay and increasingly porous soil structure (sensu Dex-
er et al., 2008; Czyż and Dexter, 2016). Values of COCC refer to the
ass fraction of complexable material (i.e., clay and SOC) predicted to
e in organo-mineral complexes.
3

Czyż and Dexter (2016) estimate that the effective density of
rgano-mineral complexes is very low with a mean value of 0.17 ±
.04 g mL−1 in arable soils suggesting that these complexes are ex-
remely porous with open structures perhaps in the form of fibers or
hains. By considering organo-mineral complexes as a separate phase
n soils, they can account for observed reductions in bulk density with
ncreasing SOM contents (Dexter et al., 2008; Czyż and Dexter, 2016).
hus, we consider COCC (i.e., the complexed fraction of clay and SOC)
o incorporate both solid phase and pore space components of soil
tructure.
Values of WSA were estimated using an artificial neural network

edotransfer function (Rivera and Bonilla, 2020). TP for each horizon
as derived using the dry bulk density measured at a water content
orresponding to a matric potential of −33 kPa. EP was calculated as
he difference between TP and FC and considered to be a proxy of
acroporosity representing the volume fraction of the largest pores in
he soil (Rawls et al., 1998; Hirmas et al., 2018). For reference, see
able 1 for frequently used terms and variables, their abbreviations,
nd brief descriptions.

.2. Variable transformations and statistical analyses

Prior to statistical analyses, distributions of all of the variables were
isually inspected and transformed to reduce skewness and approxi-
ate a normal distribution as needed. Given the compositional and
ounded nature of the data used in this study, we transformed and
tandardized variables as shown in Table 2. A centered log ratio (clr)
ransformation was applied to compositional data of mixtures with two
r more components as follows:

lr(𝑥𝑖𝑗 ) = ln
𝑥𝑖𝑗

𝐺𝑀(𝑥𝑖)
(4)

where 𝑥𝑖𝑗 refers to the value of the 𝑗th component of the 𝑖th sample
and 𝐺𝑀 is the geometric mean taken across all components of the 𝑖th
sample.

In order to reduce zero values in the data, several variables were
amalgamated including sand and coarse fraction as well as CC and COC
(COCC; Eq. (3)). We used a modified Aitchison procedure (Pawlowsky-
Glahn and Egozcue, 2006) to replace the remaining zero values to
prepare the compositional variables for a centered log ratio (clr) trans-
formation. Conceptually, COCC can be thought of as the complexed
fraction of the complexable mass (i.e., clay and SOC) in the soil.
Statistical values calculated using transformed variables were back
transformed to ease interpretation of results. For compositional data
involving mixtures of two components, we used the following inverse
of the clr transformation:

clr−1(𝑥̂𝑡) =
exp(2𝑥̂𝑡)

1 + exp(2𝑥̂𝑡)
(5)

where 𝑥̂𝑡 is the statistic to be back transformed calculated in clr-
transformed space. For mixtures with more than two components, the
average geometric mean of each sample was used in equation Eq. (4)
to estimate the value of the statistic on the original scale of each
component. The final variables selected as predictors of EP were sand
and coarse fraction (SCF), clay, SOM, COCC, WSA, MAP, and MAT.

The selected predictor variables were analyzed with decision trees
(DTs) to assess their relative importance in explaining differences in EP
both within individual ecoregions and across the full spatial domain
represented by the samples in this study. Transformed variables were
used in the DTs similar to other soil studies involving machine learning
methods using compositional data (e.g., Zhang et al., 2020). Prior to
the DT analyses, we detected and removed outliers using an adjusted
Mahalanobis distance (Korkmaz et al., 2014) across each of the five
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Table 1
Frequently used terms and variables, their abbreviations, and brief descriptions. For more details (e.g., text, equations, citations) see the entire
Methods section. In particular, see Omernik and Griffith (2014) for ecoregion information, Dexter et al. (2008) and Czyż and Dexter (2016) as
well as Eqs. (1), (2), and (3) for COCC information, Rivera and Bonilla (2020) for WSA information, and Rawls et al. (1998) for EP information.
Terms and variables Abbreviations Descriptions

A horizons A Surface layers occurring within the upper 25 cm of the land surface
that were described as having morphological properties associated
with topsoil

B horizons B Subsurface layers occurring within 25–100 cm of the land surface
that were described as having morphological properties associated
with subsoil

Ap horizons Ap Surface layers occurring within the upper 25 cm of the land surface
exhibiting evidence of plowing

Bp horizons Bp Subsurface layers occurring within 25–100 cm of the land surface
in a profile containing a shallower Ap horizon

Eastern Temperate Forests ETF
Great Plains GP
Mediterranean California MC
North American Deserts NAD
Northwestern Forested NWFM
Mountains
Sand and coarse fraction SCF Sand (< 2 mm) and coarse fraction (2-76 mm) converted to a whole

soil basis and amalgamated
Clay Clay Clay (< 2 mm) converted to a whole soil basis
Soil organic matter SOM Converted from soil organic carbon (SOC) using the standard

SOM:SOC mass ratio of 1.72 and converted to a whole soil basis
Complexed organic COCC Low to high values of COCC represent an increasing fraction of
carbon and clay SOC complexed with clay and increasingly porous soil structure
Water-stable aggregates WSA Mass fraction of water-stable aggregates
Effective porosity EP Calculated as the difference between total porosity and field capacity

and considered to be a proxy of macroporosity
Mean annual precipitation MAP
Mean annual temperature MAT
Table 2
Information on the transformation of variables included in this study. Prior to transformation, CC and COC were amalgamated to form a new
single complexed clay and SOC variable (COCC; Eq. (3)). This amalgamation was also conducted for sand and coarse fraction (SCF). In addition,
zero values were replaced using a modified Aitchison procedure following Pawlowsky-Glahn and Egozcue (2006) before applying the centered
log ratio (clr) transformation as indicated below. All of the variables below were standardized prior to analyses.
Variable Reason for transform Transform

SCF, clay, SOM, COCC Compositional data Modified Aitchison + clr
WSA, EP Compositional and bounded data Logit
MAP, MAT Bounded data Log
3
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ecoregions and each of the four respective horizon types. Variance
inflation factors (VIFs) were used to assess and remove multicollinearity
between variables; a VIF ≥ 10 was used as an indicator of collinearity
etween predictor variables as recommended by Logan (2010). We
added two categorical variables – horizon type and land use – with
the levels A/B and plowed/non-plowed, respectively. We incorporated
both categorical variables and continuous variables in the DT analyses.
The rpart and rpart.plot R packages (Therneau et al., 2019; Milborrow,
2021) were used to generate DTs and trees were pruned using the
default complexity parameter (i.e., 0.01). This parameter represents
the overall threshold by which 𝑅2 must increase at each step/node
of the splitting process to prevent overfitting (Therneau et al., 2019;
Milborrow, 2021). The complexity parameter at each step/node of
the DT represents a minimization of the standard deviation of the
errors calculated from cross-validation predictions generated from a
set of cost-complexity prunings (Therneau et al., 2019). Thus, the
variable occurring at the first split is the most important and holds
more explanatory power (higher proportion of the 𝑅2) and each sub-
sequent split a lower proportion of the 𝑅2 until the DT is pruned and
stops splitting into steps/nodes. We used piecewise linear regression
in the segmented R package (Muggeo, 2003, 2008) to understand the
elationship between EP and COCC.
4

z

. Results

.1. Continental-scale

A total of 1491 pedons fit our criteria across the five ecoregions and
ere used in the DTs (Fig. 1). The number of horizons with complete
ases for all variables included in the DT analyses (i.e., EP, SCF, clay,
OM, COCC, WSA, MAP, and MAT) ranged from 220 to 1314 across
he ecoregions in this study (Table 3). These locations captured a wide
ange in MAP and MAT, spanning 310–1114 mm and 6.8–15.8 ◦C,
espectively (Table 3).
EP was predicted by clay, COCC, ecoregion, and land use at a conti-

ental scale across all of the sites in this study (Fig. 2; 𝑅2 = 0.484). Clay
ccurred at the first, second, and third split levels all of which showed
negative relationship with EP. For the bulk soil properties of the first
T split, higher clay (left branch) was represented by an elevated mean
lay content (36.1%) and a lower mean SOC content (0.661%) across
orizons, while lower clay (right branch) was represented by a lower
ean clay content (17.0%) and an elevated mean SOC content (1.21%)
cross horizons. COCC was the second factor that emerged in predicting
P, and exhibited a strong positive relationship with EP across hori-
ons that contained a higher clay content. To better understand this
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Fig. 1. Spatial distribution of pedon locations used in DT analyses across the Eastern Temperate Forests (ETF; blue), Great Plains (GP; green), Mediterranean California (MC;
orange), North American Deserts (NAD; red), and Northwestern Forested Mountains (NWFM; purple) ecoregions of the conterminous US. In this study, each ecoregion represented
areas under similar bioclimates or with similar potential vegetation.
Table 3
Number of pedons and horizons (arising from the pedons) used in the DT analyses across the Eastern Temperate Forests (ETF), Great Plains
(GP), Mediterranean California (MC), North American Deserts (NAD), and Northwestern Forested Mountains (NWFM) ecoregions. Each ecoregion
represented areas characterized by similar bioclimatic conditions or with similar potential vegetation. Also included below are MAP and MAT
± one standard deviation for the pedon locations across each of the ecoregions.
Ecoregion Number of pedons Number of horizons MAP (mm) MAT (◦C)

ETF 479 1314 1114 ± 167 12.2 ± 3.82
GP 503 1259 661 ± 217 11.5 ± 4.26
MC 92 220 490 ± 278 15.8 ± 2.21
NAD 304 596 310 ± 125 10.4 ± 3.98
NWFM 113 290 638 ± 299 6.84 ± 3.05
t
c
E
i
H
h
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c

relationship, we directly regressed EP and COCC (Fig. 3a, b) using a
piecewise linear regression and estimated a breakpoint value of −0.250
orresponding to 37.8% of the total clay and SOC being complexed.
The breakpoint value of 37.8% COCC in Fig. 3a and b generally

orresponds to the clay and SOC differences observed in the first split
f the DT in Fig. 2. Fig. 4 shows that this value also corresponds to
differences between A and B horizons with the former having lower
clay content and higher SOC and the latter enriched in clay and lower
in SOC. EP was predicted by horizon type first, and then by SCF, MAP,
SOM, and land use across all sites in this study (𝑅2 = 0.379; Fig. 4).
With clay removed, both A and B horizons split by SCF in the DT with
values of SCF positively correlated to EP (Fig. 4).

A horizon EP was predicted by clay, MAP, land use, SCF, SOM,
nd ecoregion (Fig. 5a; 𝑅2 = 0.397). Similarly, EP in B horizons was
redicted by clay, MAP, SCF, and ecoregion; however, COCC was an
mportant predictor while land use was not (Fig. 5b; 𝑅2 = 0.449). At
5

he first split level, both A and B horizons split by clay with higher
lay resulting in decreased EP and lower clay resulting in increased
P (Fig. 5a and b). At the second split level, MAP and land use were
mportant but indirect predictors of EP across A horizons (Fig. 5a).
owever, a more direct influence of COCC on EP was observed for B
orizons (Fig. 5b).

.2. Ecoregions and land use

Ecoregion and land use occurred at the third split level of the
ontinental-scale DT (right branch; Fig. 2). ETF, MC, and NWFM ecore-
gions corresponded to decreased EP, whereas the GP and NAD ecore-
gions corresponded to increased EP (following a second split level of
higher clay). Plowed horizons showed lower EP compared to non-

plowed horizons (following a second split level of lower clay). We
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Fig. 2. Pruned DT displaying predicted EP at a continental scale across the conterminous US. All categorical variables (i.e., ecoregion, horizon type, and land use) and continuous
(transformed) variables (i.e., SCF, clay, SOM, COCC, WSA, MAP, and MAT) were included as predictors. The first values displayed in the blue-shaded nodes correspond to the mean
EP (mean transformed EP; back transformed values in parentheses) of the data subset, whereas the second and third values refer to the number (n) of horizons and the percentage
of all horizons that fall in each subset, respectively. These three values are determined by the criteria specified in the previous splits with lighter shades of blue indicating lower
mean EP and darker shades of blue indicating higher mean EP. Back transformed values for continuous variables are in parentheses.
found a higher breakpoint value separating the response of EP to COCC
in A and B horizons (39.4%) than the breakpoint value separating Ap
and Bp horizons (33.3%) (Fig. 3c and d, respectively).

Land use appears to be driving changes in EP and COCC to varying
degrees across ecoregions. In general, both EP and COCC decreased
from A to Ap and B to Bp horizons across ecoregions. This trend was
more pronounced from A to Ap horizons as exhibited by differences
in mean EP for the ETF, GP, MC, NAD, and NWFM (Fig. 3c and d).
Likewise, differences in mean COCC also exhibited this trend across
surface horizons of the ETF, GP, MC, and NWFM although EP values
in A and Ap horizons of NAD were more comparable to each other
[i.e., A: 0.542 (74.7%); Ap: 0.545 (74.8%)] (Fig. 3c and d). This trend
between non-plowed and plowed horizons was less pronounced in B
and Bp horizons as exhibited by differences in mean EP for the GP and
NWFM with the exception of NAD values. However, B and Bp horizon
EP values in ETF did not show considerable differences while EP values
in MC increased from B to Bp horizons (Fig. 3c and d). Differences in
mean COCC showed a slight decreasing trend from B to Bp horizons of
the ETF, GP, MC, NAD, and NWFM (Fig. 3c and d). We note that smaller
sample sizes for MC Ap and Bp horizons (n = 25 and 37, respectively) as
well as NWFM Ap and Bp horizons (n = 11 and 14, respectively) should
be taken into account when interpreting these results. In general, Ap
and Bp centroids were grouped more closely compared to A and B
centroids (Fig. 3c and d).

The first split between right and left branches of all ecoregion
DTs largely represented A and B horizons, respectively (Fig. 6). This
ecoregion behavior was similar to the behavior observed in the DTs
using data across the conterminous US (Figs. 2 and 4). Overall, the
ability of the DTs to predict EP across the ecoregions varied from an
𝑅2 = 0.399 (ETF) to 𝑅2 = 0.771 (MC) (Fig. 6; Table 4).
6

Table 4
Relationships of variables with EP (+ and – signs indicate the direction of the
relationship) and 𝑅2 values for the ETF, GP, MC, NAD, and NWFM ecoregion DTs
displayed in Fig. 6a, b, c, d, and e, respectively.
Ecoregion Variable Relationship 𝑅2

with EP

ETF Clay – 0.399
WSA +
SCF +

GP Clay – 0.615
COCC +
MAT –
MAP –
SCF +
Plowing –

MC Clay – 0.771
MAP –
COCC +
MAT –

NAD Clay – 0.501
COCC +
MAP –
SCF +
Plowing –

NWFM COCC + 0.712
WSA +
SOM –
SCF +

Although there is a significant relationship between EP and COCC
across the conterminous US, differences in what variables control this
relationship emerge when comparing ecoregions. At the first split level,
all of the ecoregions, except NWFM, split on clay content with higher
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Fig. 3. (a) and (b) Piecewise linear regression of EP against COCC colored by clay and SOM, respectively, across all ecoregions and horizon types at a continental scale (𝑅2 = 0.339).
he shaded bar in each panel represents one standard error distance around the breakpoint value. Values provided above this shaded bar at the top of each panel in parentheses
re the back transformed values for COCC. Centroids and error bars (± one standard deviation) are shown in (c) for non-plowed A (circles) and B horizons (squares) and in (d) for
lowed Ap (triangles) and Bp horizons (diamonds) across the ETF (blue), GP (green), MC (orange), NAD (red), and NWFM (purple) ecoregions. All of the variables in this figure
ere transformed as shown in Table 2. Back transformed values for EP and COCC and raw (untransformed) values for the clay and SOM color ramps are in parentheses.
n
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nd lower values observed in the left and right branches largely corre-
ponding to B and A horizons, respectively (Fig. 6a, b, c, and d). COCC
ccurred at the first split for NWFM where lower values on the left
ranch were associated with B horizons, whereas higher values on the
ight branch corresponded to A horizons (Fig. 6e). WSA emerged as
he next most important predictor of EP for the NWFM (right branch;
ig. 6e) and also occurred at the second split level of the ETF DT
right branch; Fig. 6a). Where MAP was more limited or where steeper
limatic gradients occurred (i.e., GP, MC, NAD; Table 3), climate
i.e., MAP, MAT) tended to have an important and negative relationship
ith EP (Fig. 6b, c, and d; Table 4). Additionally, COCC occurred at the
econd split level of the GP DT (left branch; Fig. 6b) similar to where
t occurred in the DTs shown in Figs. 2 and 5b derived using the full
patial extent of the US data.

. Discussion

.1. Continental-scale relationships

Given that soil texture is known to be a primary control of EP (Rawls
7

t al., 1982, 1998; Nemes et al., 2005; Hirmas et al., 2018), it is t
ot surprising that clay occurred at the first split level and showed
negative relationship with EP in the continental-scale DT (Fig. 2).
essivage is a ubiquitous process and likely to be responsible for this
lay separation between the two branches as fines translocate from
urface A horizons and accumulate within subsurface B horizons (Buol
t al., 2011; Turk et al., 2012; Koop et al., 2020). The differences
in SOC content between the two branches also suggest this first split
is governed by horizon development as A horizons accumulate more
humified organic matter compared to B horizons (Buol et al., 2011;
Turk et al., 2012). Thus, these processes of soil development appear
to be important in controlling EP at a broad scale. Furthermore, these
processes of soil development create soil structural conditions charac-
terized by an integration of both the spatial distribution of mineral
and organic compounds and the related spatial configuration of pore
space (sensu Vogel et al., 2022). Thus, sorption of organic compounds
n mineral surfaces is key to explaining the stability of soil as a
eterogeneous porous matrix (Vogel et al., 2022).

.1.1. Relationships between EP and COCC
As previously mentioned, COCC exhibited a strong positive rela-
ionship with EP across horizons containing a higher clay content.
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Fig. 4. Pruned DT showing predicted EP (mean transformed EP) at a continental scale across the conterminous US. All categorical variables (i.e., ecoregion, horizon type, and land
use) and continuous (transformed) variables except clay and COCC (i.e., SCF, SOM, WSA, MAP, and MAT) were included as predictors. Back transformed values for continuous
variables are in parentheses. Refer to Fig. 2 caption for general guidance on DT interpretation.

Fig. 5. Pruned DTs displaying predicted EP (mean transformed EP) at a continental scale across the conterminous US for (a) A horizons and (b) B horizons. For both horizon
types, categorical variables (i.e., ecoregion and land use) and continuous (transformed) variables (i.e., SCF, clay, SOM, COCC, WSA, MAP, and MAT) were included as predictors.
Back transformed values for continuous variables are in parentheses. Refer to Fig. 2 caption for general guidance on DT interpretation.
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Fig. 6. Pruned DTs showing predicted EP (mean transformed EP) for (a) ETF, (b) GP, (c) MC, (d) NAD, and (e) NWFM ecoregions of the conterminous US. For each ecoregion,
ategorical variables (i.e., horizon type and land use) and continuous (transformed) variables (i.e., SCF, clay, SOM, COCC, WSA, MAP, and MAT) were included as predictors. Back
ransformed values for continuous variables are in parentheses. Refer to Fig. 2 caption for general guidance on DT interpretation.
Specifically, EP was more sensitive to changes in COCC below the
breakpoint (higher clay and lower SOC content), and less sensitive
above the breakpoint (Fig. 3a and b). Below the breakpoint, any addi-
tional SOC and/or reduction in clay (such that a greater fraction of the
clay is complexed) will cause a steep increase in EP. However, above
the breakpoint, when all of the clay is already complexed, any addi-
tional organic matter does not cause the same increase in EP. Several
9

studies have shown that organo-mineral complexes (i.e., chemically
protected organic matter bound to soil minerals) have a propensity to
saturate with SOC likely due to the finite amount of mineral specific
surface area onto which SOC can be stabilized (Hassink, 1996; Chung
et al., 2008; Gulde et al., 2008; Stewart et al., 2008; Feng et al., 2014).
Thus, EP appears to be controlled by the percentage of clay surface area

that is complexed with SOC. When that surface area is not yet saturated,
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EP can change more readily in response to SOC additions compared to
when the surface area is saturated.

Samples below and above the COCC breakpoint in Fig. 3a and b
have, in general, an effective mineral surface area (represented by
the clay fraction) that is either partially or completely complexed
with SOC, respectively (sensu Dexter et al., 2008). Here, we refer to
partial complexation as ‘‘undersaturated’’ (i.e., values of COCC lower
than the breakpoint) and complete complexation as ‘‘oversaturated’’
(i.e., COCC values above the breakpoint). The term ‘‘oversaturated’’
refers to the excess SOC not complexed with soil clay. Additional inputs
of SOC in undersaturated conditions lead to increasing complexation
and strengthening of organo-mineral bonds and concomitant develop-
ment and/or maintenance of soil structure which increases EP (Dexter
et al., 2008). However, in oversaturated conditions, the response of EP
to increased inputs of SOC is much more muted. In addition, declines
in SOC stabilization and storage efficiency as soils approach saturation
may be linked to changes in the type, strength, or turnover time of
organo-mineral interactions with increasing SOC inputs (Kleber et al.,
2007; Sollins et al., 2009; Feng et al., 2014). For example, as soils
approach SOC saturation, weaker organic–organic interactions become
relatively more abundant than stronger organo-mineral interactions
and it has been hypothesized that the stability and strength of SOC
bound to soil minerals decreases with increasing SOC loadings (Kleber
et al., 2007; Feng et al., 2014). Thus, while increasing complexation
and a strengthening of organo-mineral bonds can occur with these
inputs, it is accompanied by an abundance of non-complexed SOM
that can have varying effects on macroporosity (including clogging of
macropores). Ultimately, non-complexed SOM mutes the sensitivity of
EP to changes in COCC and results in the asymptotical behavior of the
EP-COCC relationship.

The EP-COCC relationship can also be viewed in the context of
global mineral-associated organic carbon stocks and carbon-storage
capacity where deeper soil layers and areas under agricultural manage-
ment exhibit the largest undersaturation of mineral-associated carbon
with sequestration efficiency over years to decades (Georgiou et al.,
2022). Soils further from their mineralogical capacity are more effec-
tive at sequestering carbon (Georgiou et al., 2022). Thus, subsoils are
often more suited to long-term carbon sequestration than topsoils (But-
ton et al., 2022). The strength of the EP-COCC relationship is also likely
related to mineral affinities for SOC (Slessarev et al., 2022).

4.1.2. Ecoregions and land use trends
The potential for increased clay-SOC complexation due to increased

mineral surface area likely dictated the higher clay content branch
splitting between ecoregions with lower EP (i.e., ETF, MC, and NWFM)
and higher EP (i.e., GP and NAD; these can be seen on the right
branch of the second and third split levels in Fig. 2). This ecoregion
split could also be attributed to differences in how SOC inputs are
stabilized onto mineral surfaces via various organo-mineral bonding
reactions (e.g., ligand exchange, cation bridging, H-bonding, van der
Waal forces) that depend on factors such as the composition of organic
inputs, soil mineralogy, and environmental conditions (Arnarson and
Keil, 2000; Gu et al., 1994; Stevenson, 1994; Feng et al., 2014).
Decreased clay-SOC complexation potential due to decreased mineral
surface area likely had an impact on the lower clay content branch
splitting between plowed and non-plowed horizons (seen on the right
branch of the second and third split levels in Fig. 2). In this case, the
split between plowed horizons (decreased EP) and non-plowed horizons
(increased EP) may have involved processes occurring in predomi-
nantly the non-complexed SOC pool. Observed losses of SOC induced
by cultivation include reduced allocation of organic carbon to soils,
reduced belowground allocation of photosynthate, enhanced aggregate
disruption and exposure of physically-protected organic carbon, and
enhanced rates of decomposition of available organic carbon substrates
due to more favorable abiotic conditions (e.g., aeration, temperature,
10

and water content) (Baldock and Broos, 2012). Therefore, disturbance u
effects such as plowing which reduce SOC in these horizons are likely
responsible for the decreased EP. Due to the lower clay content across
A horizons, more of the SOC present is not complexed with clay and is
therefore subject to more rapid turnover processes associated with the
labile non-complexed SOC pool (which is also a factor contributing to
decreased EP). Finally, non-plowed horizons would allow for more SOC
accumulation and increased EP. The lower clay content across these
horizons also corresponds to processes occurring in the non-complexed
SOC pool where more of the SOC present is not complexed with clay;
however, the larger SOC content in these non-plowed horizons is likely
contributing to the overall increase in EP compared to plowed horizons.

Although there was overlap of error bars associated with centroids
represented in Fig. 3c and d, disturbance effects such as plowing
generally contributed to decreases in both EP and COCC that were more
pronounced in surface horizons and less pronounced but nonetheless
propagated in subsurface horizons (with a few notable exceptions
discussed in the following sections). These surface and subsurface hori-
zon changes occurred despite mineral-bound SOC comprising a large
majority of the total SOC and having longer turnover times (Balesdent
et al., 1988; Christensen, 1998; Trumbore, 2000; Kahle et al., 2002;
Feng et al., 2014). As previously mentioned, Ap and Bp centroids
were generally grouped more closely compared to A and B centroids
(Fig. 3c and d). This appeared to indicate that disturbance effects
lead to homogenization of the EP-COCC relationship for Ap and Bp
horizons including a weakening of this relationship for Bp horizons
with relatively low COCC values when compared to undisturbed (or
less disturbed) conditions across A and B horizons.

4.1.3. Impact of agricultural disturbance on the EP-COCC relationship
Comparing A and B centroids (Fig. 3c) with Ap and Bp centroids

(Fig. 3d) provides some indication of disturbance whereby reduction in
the magnitude and rate of change of EP as a function of COCC occurs.
In general, undisturbed A and B horizons showed an increase in EP
with increasing COCC. However, disturbed Ap horizons and B horizons
under Ap show a reduction of this positive trend between EP and
COCC. When comparing differences between ecoregion median values
greater than the breakpoints, COCC and EP from undisturbed horizons
were 16.4% and 0.0598 greater than disturbed values, respectively. For
soils below the COCC breakpoints, undisturbed COCC and EP values
were 1.98% and 0.0116 greater than disturbed values, respectively.
Thus, these changes in EP appear to be driven by disturbance effects
(e.g., tensile, shear, and/or compressive external forces caused by field
operations) which likely impact the amount and stability of COCC with
concomitant modifications of soil structure (Dexter, 1988; Ghezzehei,
2012; Horn and Peth, 2012).

Accompanying these general decreases in COCC and EP from undis-
urbed to disturbed settings were general decreases in WSA. For exam-
le, undisturbed WSA values (untransformed) for samples with median
OCC values above the breakpoints were 13.4% greater than dis-
urbed values whereas undisturbed soils had WSA values that were
.85% greater than disturbed soils for median COCC values below
he breakpoints. Since stress attenuation is greater for increasingly
ggregated soils (under in situ conditions for soils with the same
nternal parameters) (Horn and Peth, 2012), tensile strength associated
ith COCC and WSA of undisturbed soils is likely greater and more
ffective at attenuating stress than tensile strength of COCC and WSA
ssociated with disturbed soils. However, since a combination of shear
nd compressive stresses generally characterize in situ stress conditions
uring field operations (e.g., traffic, soil-tool interactions) (Horn and
eth, 2012), a number of other accompanying and confounding factors
ay impact the EP-COCC relationship. Undisturbed bulk density, ped
ize, and clay values were 0.0380 g cm−3, 4.04 mm, and 5.56% less than
isturbed values, respectively, for median COCC values greater than
he breakpoints. For horizons with COCC less than the breakpoints,

−3
ndisturbed bulk densities were 0.0690 g cm greater than disturbed
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values, whereas ped size and clay values were 3.91 mm and 5.09% less
than disturbed values, respectively (Fig. 3c and d).

Undisturbed surface horizon bulk densities were lower than dis-
turbed soils indicating compression and densification in plowed hori-
zons likely due to traffic during field operations. However, in B and Bp
horizons, which were generally undersaturated with respect to COCC,
undisturbed bulk densities were greater than those from disturbed hori-
zons. While the reasons for this finding are unclear, this may be due to
the effect of shear stresses in disturbed horizons where shearing behav-
ior in aggregated soil depends on the water content and density of the
aggregates as well as the geometry of the applied stress system (Dexter,
1988; Ghezzehei, 2012). If the density of the structured soil is above
characteristic critical value, shearing is confined to a well-defined
urface or narrow band near the source of the stress where rolling of
ound particles or alignment of platy clay particles can occur and gross
hanges in volume take place in only a small proportion of the soil. In
ontrast, if the density of the structured soil is below the critical value
hen stress propagates through the whole soil volume resulting in an
verall increase in density with disproportionate destruction of larger
ores and consequent reductions in air-filled porosity and hydraulic
onductivity (Kurtay and Reece, 1970; Hettiaratchi and O’Callaghan,
1980; Dexter, 1988; Ghezzehei, 2012). Therefore, undisturbed bulk
densities that were greater than disturbed bulk densities may reflect
conditions where density of the structured soil is above the critical
value and soil-tool interactions cause shearing that is more likely to
be confined near the source of the stress with gross changes in volume
taking place in a small proportion of the soil.

Clay contents from undisturbed horizons were less than those in
disturbed horizons suggesting that deep-loosening or deep-plowing
and/or mixing with other soil material not only led to declines in soil
stability and strength (Horn and Peth, 2012), but also brought illuvial
clay upward and mixed it throughout the disturbed horizons. Peds
were smaller for A and B horizons compared to Ap and Bp horizons
likely because of the presence of clods in disturbed horizons. Clods
are formed due to compaction by agricultural machinery where bound-
aries between macroaggregates may be lost or remain as microcracks
depending on soil wetness and machinery loads during compaction;
clods can also be formed during desiccation of large masses of clayey
soil (Ghezzehei, 2012). Thus, clods and their formation processes are
particularly important in subsoil horizons which typically do not have
aggregates but exhibit similarly complex structure that, in contrast to
topsoil (aggregate) structure, can be almost irreversibly damaged when
subjected to subsoil compaction (Ghezzehei, 2012). In sum, due to
external forces associated with field operations, Ap and Bp horizons not
only undergo numerous disturbance effects (e.g., tensile, shear, and/or
compressive stresses, clay saturation, subsoil compaction) but through
these effects they also become increasingly homogenized and exhibit
a reduction in the magnitude and rate of change of EP as a function
of COCC (Fig. 3d) when compared to undisturbed A and B horizons
(Fig. 3c). Thus, these results generally fall inline with other broad-
scale studies suggesting improvement in soil structure and porosity
under no-tillage practices especially in the long term (e.g., Mondal and
Chakraborty, 2022).

4.2. Effects of A and B horizons on EP

As previously mentioned, lessivage and the accumulation of humi-
fied organic matter creates either under- or oversaturated conditions
that strongly control EP. These conditions are expressed in subsurface
and surface horizons, respectively. As shown in Fig. 4 with clay and
COCC removed, EP was predicted by horizon type first, and then by
SCF, MAP, SOM, and land use across all sites in this study confirm-
ing that undersaturated conditions largely correspond to B horizons
(i.e., lower COCC and EP) and oversaturated conditions to A horizons
(i.e., higher COCC and EP). With clay removed, both A and B horizons
11

were split by SCF which was positively correlated to EP and where an
increase in SCF in A horizons and decrease in B horizons likely indi-
cated the translocation of fines from surface horizons into subsurface
layers (Koop et al., 2020).

Although differences between A and B horizons emerged at the
second split level in Fig. 5a and b, both horizon types were dependent
on the fraction of clay complexed with SOC. Higher MAP in A horizons
correspond with decreases in EP likely due to increased weathering and
production of secondary minerals which corresponded to higher clay
and, thus, a reduced fraction of that clay complexed with SOC (Fig. 5a).
Under lower MAP, decreases in weathering and production of sec-
ondary minerals are likely responsible for lower clay contents making a
greater proportion of that clay subject to complexation with SOC with,
correspondingly, greater potential for aggregation and increases in EP.
B horizons, however, more directly reflect the EP-COCC relationship at
the second split level of the DT (Fig. 5b). Since A horizons are typically
oversaturated with respect to COCC, we observed more indirect factors
(i.e., MAP, land use) coming to the forefront as important predictors of
EP, whereas since B horizons are typically undersaturated, we observe a
more direct influence of COCC on EP. In general, clay content in these B
horizons was not fully complexed with SOC and, therefore, EP showed
a greater response to increased SOC in the subsoil.

4.3. Ecoregion influences on EP

As with the continental-scale DTs (Figs. 2 and 4), all of the ecoregion
DTs first split into under- and oversaturated conditions with respect
to the proportion of clay complexed with SOC, with the left and right
branches largely representing B and A horizons, respectively (Fig. 6).
However, EP within the NWFM ecoregion (Fig. 6e) appears to exhibit a
propensity to respond to SOC additions for both surface and subsurface
horizons. The similarity in the EP-COCC relationship between A and B
horizons may be due to the increased occurrence of macroaggregation
as represented by WSA emerging as the next strongest predictor of
EP (Fig. 6e). WSA also occurred at the second split level of the ETF
DT (right branch; oversaturated A horizons) (Fig. 6a). The increased
aggregation in forested soils may be caused by both elevated addi-
tions of organic matter and increases in acidity. Rivera and Bonilla
(2020) observed a positive gradient of macroaggregate stability from
arid to humid environments due to increases in SOM and decreases
in pH. At lower pH values (< 7), solubility and mobility of cations
are higher resulting in the formation of bridges with clay and SOM;
in addition, microbial activity under lower pH values increases and
promotes macroaggregation and stabilization (Tisdall and Oades, 1982;
Bronick and Lal, 2005; Regelink et al., 2015; Wu et al., 2017; Rivera
and Bonilla, 2020). Thus, in these forested (or previously forested)
environments with higher MAP (Table 3) and SOM and lower pH, WSA
is an important predictor that is positively associated with EP (Table 4).

Where MAP was more limited or where steeper climatic gradients
occurred (i.e., GP, MC, NAD; Table 3), MAP and MAT tended to be
negatively correlated to EP (Fig. 6b, c, and d; Table 4). Across the
conterminous US, SOC generally increases as MAP increases up to
700–850 mm and then SOC content fluctuates as MAP continues to
increase (Guo et al., 2006). However, when considering grassland and
forest ecosystems with MAP < 1000 mm, SOC generally decreases as
MAT increases across elevations < 600 m and slopes < 1◦ (Guo et al.,
2006). The negative correlation between SOC and MAT implies that
the relative temperature sensitivity of decomposition is greater than
that of net primary productivity although strong interactions between
temperature, water availability, and substrate quantity make it diffi-
cult to assess the temperature dependence of decomposition without
confounding effects (Baldock and Broos, 2012). In general, negative
correlations between the climatic variables MAP and MAT and EP likely
reflected the positive association between MAP and weathering and
production of secondary minerals (and lessivage) (Buol et al., 2011;
Schaetzl and Thompson, 2015) and the negative association between

MAT and SOC (Guo et al., 2006) which strongly influences the fraction
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of clay complexed with SOC. However, other than a second split
level in the MC ecoregion where higher MAP likely corresponded to
increased illuvial clay accumulation (and, thus, lower EP) and lower
MAP corresponded to decreased clay illuviation resulting in higher
EP (Fig. 6c), MAP and MAT occurred at lower split levels with less
explanatory power. This suggests that climate influences the EP-COCC
relationship more indirectly and likely in a complex manner. Addition-
ally, COCC occurred at the second split level of the GP DT (left branch
in Fig. 6b; undersaturated B horizons) which was similar to where it
occurred in the continental-scale DTs in Figs. 2 and 5b suggesting that
the GP ecoregion with its sizable area and steep climatic gradients
(north–south MAT; west–east MAP) captured what was occurring in
subsurface (B) horizons across the conterminous US. That is, EP exhibits
a propensity to respond to SOC additions and/or reductions in clay
increasing the proportion of complexed clay. EP responding to both
SOC additions and reductions in clay was perhaps best exemplified in
COCC occurring at the first split level of the NWFM DT (right branch)
and the second split level of the NAD DT (right branch). The steeper
increase in EP of surface (A) horizons was likely linked to coarser
textures (and SOC additions) that increased the fraction of complexed
clay in these ecoregions of the western US (Fig. 6d and e; Table 4).

5. Conclusion

This work highlights that EP (a proxy of macroporosity) of surface
(A) and subsurface (B) horizons is strongly dependent on the fraction
of clay complexed with SOC (as represented by COCC). In this study,
we use the relationship between EP and COCC to distinguish between
undersaturated (i.e., low values of COCC; largely B horizons) and over-
saturated (i.e., high COCC values; largely A horizons) conditions; these
conditions refer to the amount of SOC available to complex with clay. In
undersaturated conditions, steeper increases in EP are associated with
larger amounts of SOC and/or reductions in clay that result in a greater
fraction of complexed clay leading to stronger organo-mineral bonds
and the concomitant development or maintenance of soil structure. In
oversaturated conditions, the slope describing the EP-COCC relation-
ship was positive but reduced compared to undersaturated conditions.
This reduction was likely due to all or most of the clay being already
effectively complexed and the varying effects that increasing accumu-
lations of non-complexed SOM can have on macroporosity. Ultimately,
these oversaturated conditions mute the sensitivity of EP to changes in
COCC and result in the observed asymptotical behavior of the EP-COCC
relationship.

Since A horizons typically exhibit oversaturated conditions with
higher SOC and lower clay contents, indirect factors (e.g., MAP, land
use) are important predictors of EP in surface horizons. However, since
B horizons are typically associated with undersaturated conditions
(i.e., higher clay content and lower SOC), direct influences from COCC
on EP occurs in the subsoil. We found that the EP-COCC relationship
was also important for explaining changes in EP within ecoregions
but its effect is mitigated by soil and climate interactions. In forested
ecoregions (i.e., ETF, NWFM) with higher MAP and SOM and lower pH,
increased macroaggregation and stability of these macroaggregates are
positively associated with EP. Where MAP is more limited or where
steeper climatic gradients occur (i.e., GP, MC, NAD), MAP and MAT
tend to be negatively correlated with EP likely due to the positive
association between MAP and the production or translocation of sec-
ondary minerals through weathering and lessivage and the negative
association between MAT and SOC. Thus, climate appears to influence
the EP-COCC relationship in an indirect and complex manner.

We found that EP exhibits strong tendencies to positively respond
to SOC additions and/or reductions in clay both of which increase
the proportion of complexed clay. This may explain why arid climates
(e.g., the western US), which tend to have low to moderate clay
contents with low to moderate SOC contents, lead to increases in the
fraction of complexed clay and concomitant increases in macroporosity
12
and 𝐾sat . For humid climates (e.g., the eastern US), which tend to have
oderate to high clay contents with moderate to moderately high SOC
ontents, increases in the proportion of complexed clay and concomi-
ant increases in macroporosity and 𝐾sat can also occur. However, our
indings suggest that under humid climates, even higher SOC contents
ill cause a corresponding increase in non-complexed SOM pools that
an reduce the response of EP to COCC. This may be especially true
or coarser textures in humid environments with high SOM where less
lay corresponds to a reduced fraction of complexed clay leading to
eductions in macroporosity and 𝐾sat . Disturbance, as represented by
he Ap and Bp horizons, creates conditions that are more homogenized
ompared to A and B horizons which reduces the magnitude and rate
f change of EP as a function of COCC.
The findings of this work point to the importance of complexed clay

nd SOC in controlling macroporosity and 𝐾sat across ecoregions and
uggests that the EP-COCC relationship provides an important frame-
ork for understanding and predicting future land use- and climate-
nduced changes to soil hydraulic properties. This study also highlights
he potential for using broad geographic soil datasets to examine rel-
vant drivers of soil property changes. This potential stems from the
arge number of point samples contained in these datasets that increase
he detection sensitivity of signals in the soil above the high-frequency,
ocal variability inherent in many soil properties. In addition, broad
eographic datasets allow for exploration across a fuller range of soil
roperty values than local-scale studies and provide an assessment of
uestions at scales inline with global and regional-scale Earth system
odels.
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Fig. A.1. Similar to Figure 2 in Dexter et al. (2008), the plot above shows Spearman correlations between complexed organic carbon (COC) and specific volume (1/bulk density)
or 𝑛 values ranging from 4 to 14 for our dataset. Each circle represents the correlation coefficient and each line plus and minus one standard deviation is significant at 𝑝 < 0.001.
As shown above, there is no meaningful trend in these correlations across the range of 𝑛 values tested and we interpret this to mean that our analysis using a SOC:clay ratio
of 1:10 (𝑛 = 10) following Dexter et al. (2008) is not particularly sensitive to this value. Instead, analysis in this study depended on a consistent partitioning of the potentially
omplexable mass (i.e., clay and SOC) into complexed and non-complexed pools.
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