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Abstract Sequestering carbon (C) into stable soil

pools has potential to mitigate increasing atmospheric

carbon dioxide concentrations. Carbon accrues in

grassland soil restored from cultivation, but the amount

of physically protected C (here measured as microag-

gregate-within-macroaggregate C) and predominant

mechanisms of accrual are not well understood. We

modeled the rate of physically protected carbon

accrued in three mesic temperate perennial restored

grasslands from cross-continental regions using data-

sets with a wide range of restoration ages from

northeast Kansas, USA; southeast Nebraska, USA;

and northeast Free State, South Africa. Further, we

investigated major controls on the amount of physi-

cally protected C in each site using structural equation

modeling. Variables in the structural equation model

were root biomass, root C:N ratio, soil structure

(indicated by bulk density, percent ofmacroaggregates

on a per whole soil mass basis, and percent of

microaggregate-within-macroaggregates on a per

macroaggregate mass basis), microbial composition

(indicated by microbial biomass C, total phospholipid

fatty acid [PLFA] biomass, and PLFA biomass of

arbuscular mycorrhizae fungi [AMF] biomass), and

microaggregate-within-macroaggregate C on a per

whole soil mass basis. Across all sites, physically

protected C accrued at a rate of 16 ± 5 g m-2 year-1.

Data from South Africa fit an a priori metamodel

developed for northeast KS that hypothesized physi-

cally protected C could be explained as a function of

microbial composition, soil structure, root C:N ratio,
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and root biomass (listed in order of strength of direct

effect on physically protected C). In contrast to the

model-based hypothesis, root C:N ratio was the

strongest influence (negative) on physically protected

C in South Africa. The lesser effect of AMF on

physically protected C in South Africa was consistent

with lower AMF biomass in arid environments. The

hypothesizedmodel did not fit southeast Nebraska data

possibly due to high (* 30%) clay content. Overall,

these results suggest that physically protected C in soil

with moderate amounts of clay (more than 10% and

less than 30%) can be predicted with knowledge of

roots (biomass and C:N ratio), microbial biomass, and

soil aggregation.

Keywords Arbuscular mycorrhizal fungi �
Conservation Reserve Program � Microaggregate-

within-macroaggregate � Microbial biomass � Roots �
Soil organic matter � Soil structure

Introduction

Diverse solutions are required to address the global

need to reduce carbon dioxide concentrations in

atmosphere through sequestration into long-term

stable pools. Restoring cultivated land back to native

grassland habitat presents an opportunity to accrue and

sequester atmospheric carbon (C) into stable soil

organic matter pools (Baer and Birgé 2019). Because

cultivated soils have an organic C saturation deficit

[lower organic C storage than soils’ capacity to store C

(reviewed by Stewart et al. 2007)], these soils have

capacity to accrue organic C once tillage is ceased and

C inputs from perennial plants exceed decomposition.

Restoring cultivated land to grassland has been shown

to increase total soil C pools (Jastrow 1996; Baer et al.

2002, 2003, 2010, 2015; Scott et al. 2017), but

estimates of total soil C accrual from this practice vary

widely (McLauchlan 2006) and our understanding of

factors controlling C accrual and protection in soil is

incomplete. Variation in observed rates andmagnitude

of soil C accrual in restored grasslands around the

world limits our ability to understand primary (and

secondary) drivers responsible for building soil C.

While strong variation across global grasslands is

expected, knowledge of consistent underlying mech-

anisms and sources of variation in realized responses

can improve restoration and management decisions to

assure, or even improve, soil C accrual and storage.

Increasing C in soil during grassland restoration

coincides with concomitant changes in several phys-

ical, chemical, and biological soil properties that

influence different protection mechanisms of C in soil.

Physico-chemical protection of C in soil results when

soil minerals arranged around organic matter inhibit

oxidation (Paustian et al. 1997; Six et al. 2004).

Minerals associated with soil organic matter form a

hierarchical aggregate structure (Tisdall and Oades

1982; Elliot et al. 1984) and C contained in microag-

gregates-within-macroaggregates is considered a

diagnostic fraction of sequestered C in soil (Denef

et al. 2004; 2007; Kong et al. 2005; Six and Paustian

2014). Microaggregate-associated C can persist for a

few centuries in soil, though land management and

clay minerology greatly influence mean residence

time (Six et al. 2002). Microaggregate-within-

macroaggregate formation is associated with slower

macroaggregate turnover and therefore more physical

protection of organic matter (Six et al. 2000b). Bio-

logically, increases in root biomass, microbial bio-

mass, and fungi:bacteria ratio during grassland

restoration on formerly cultivated soil facilitate

recovery of a hierarchical aggregate structure indi-

cated by increases in mean aggregate diameter and

decreases in bulk density (Jastrow 1996; Matamala

et al. 2008; Bach et al. 2010; Baer et al. 2010, 2015;

Rosenzweig et al. 2016; Scott et al. 2017). Structural

equation modeling allows for multivariate examina-

tion of the relative strength of these dynamically

changing biogeochemical factors on soil C accrual and

resultant model presents a mechanistic hypothesis on

causal influence of multiple factors on soil C accrual

during grassland restoration.

We previously used structural equation modeling to

examine multiple biogeochemical factors’ collective

and relative influence on the accrual of microaggre-

gate-within-macroaggregate C during grassland

restoration in Kansas, USA (Scott et al. 2017). The

structural equation model included several factors

known to influence physically sequestered C (root

biomass, root quality, microbial biomass, aggregate

distribution, and aggregate C) based on the following

causal relationships. Root biomass (inputs) and quality

(indicated by C:N ratio [wider ratio indicating less

decomposable]) have direct positive effects on

microaggregate-within-macroaggregate C (i.e.

increasing root inputs and C:N lead to greater

microaggregate-within-macroaggregate C; Robinson
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and Jacques 1958; Gale et al. 2000; Puget and

Drinkwater 2001; Six et al. 2004). Root biomass and

quality also have positive indirect effects on microag-

gregate-within-macroaggregate C through their influ-

ence on development of microbial biomass (Elliot

et al. 1984; Newman 1985; Smucker and Safir 1986)

and recovery of soil structure (Scott 1998; Angers and

Caron 1998; Ehrenfeld et al. 2005). Microbial biomass

and composition influences microaggregate-within-

macroaggregate C via recalcitrance of necromass,

with fungi generally producing less decomposable

necromass compared to bacteria (Simpson et al. 2004).

As such, microbial biomass, fungi:bacteria ratio

within aggregates, and soil structure are correlated

because biological binding agents promote aggregate

formation and stability (reviewed in Six et al. 2004;

Ehrenfeld et al. 2005; Wilson et al. 2009; Smith et al.

2014).

These mechanisms driving physically protected C

have been shown to apply over a range of restoration

ages in independent or two-site comparative studies, but

generality has not been demonstrated using studies

conducted across multiple regions. When the mecha-

nisms controlling physically protected soil C across a

chronosequence of restorations in Kansas were evalu-

ated simultaneously using structural equationmodeling,

the influence of somevariables became negligible. Scott

et al. (2017) found that their model predicted microbial

composition (indicated by microbial biomass C, phos-

pholipid fatty acid [PLFA] biomass of arbuscular

mycorrhizal fungi [AMF], and PLFA biomass of all

other major microbial groups) to be the strongest direct

path to microaggregate-within-macroaggregate C (pos-

itive effect). The second strongest direct path was soil

structure (positive effect; indicated by bulk density,

macroaggregate percentage by weight, and microag-

gregate-within-macroaggregate percentage by weight;

Fig. 1). Root biomass and root C:N ratio had negligible

causal influence on aggregate-protected C. This model

proved to be highly accurate at predicting microaggre-

gate-within-macroaggregate C for the Flint Hills region

of tallgrass prairie.

Building from the model results of Scott et al.

(2017), here we explore the generality of the causal

influences on physically protected C in restored soils

that varied in time since sown to native grasses

(restoration age) by including two additional

chronosequences from different cross-continental

regions. All fields were sampled using the same

methods. We examined the fit of data from mesic

temperate perennial restored grasslands in northeast

Free State, South Africa (NEFS) and southeast

Nebraska, USA (SENE), and a combined dataset

including all three sites. We hypothesized that the

physically protected C pool (microaggregate-within-

macroaggregate C would increase linearly with

restoration age and C sequestration in soil is a

generalizable ecosystem response to grassland restora-

tion in soils with adequate and similar clay content.

We also hypothesized that microbial biomass and

composition (PLFA biomass of AMF and all other

major microbial groups) will explain most variation in

Fig. 1 SEM hypothesized of strength of causal influences on

physically protected carbon, adapted from Scott et al. (2017).

Line width correlates with path strength. Single-headed arrows

indicate causal relationships; double-headed arrows represent

correlations. Red paths indicate negative relationships; black

paths represent positive relationships. Abbreviations for soil

properties in this figure are kept the same as the original

publication:Mcrs percentage of macroaggregates by mass; BlD
bulk density; iMc percentage of microaggregates-within-

macroaggregates by mass; Str soil structure (latent variable

indicated by percent microaggregates-within-macroaggregates

by mass, percent macroaggregates by mass, and bulk density);

RtB root biomass; RtQ root quality (C/N ratio); MBC microbial

biomass C; PLF total phospholipid fatty acid biomass; AMF
phospholipid fatty acid biomass of arbuscular mycorrhizal

fungi;Mcrbmicrobial composition (latent variable indicated by

total PLFA biomass, PLFA biomass of AMF, and microbial

biomass C); mmC microaggregates-within-macroaggregates C
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the microaggregate-within-macroaggregate C pool

across all sites.

Methods

Site descriptions

All chronosequences used in this analysis were

selected based on the criteria that sites had been

cultivated long enough to approach or reach new

(lower) equilibrium C stocks. Previous work described

an exponential decline to lower equilibrium following

34 years of cultivation (Du Toit et al. 1994; Lobe

et al. 2002). All restorations were planted to perennial

C4 grasses, and contained at least 9% clay, as

grasslands restored on soil with little to no clay

content do not accrue C on a decadal time scale (Baer

et al. 2010). All chronosequences included a decadal

range of restoration ages.

The southeast Nebraska, USA (SENE) site con-

sisted of 22 independent restorations that were part of

the United States Department of Agriculture’s Con-

servation Reserve Program, with ages ranging from 4

to 19 years restored. These restorations were on silty

clay loam (Fine smectitic, mesic Aquertic Argiudolls)

soils formed by loess with 0–6% slope. Clay content of

these soils ranged from 23 to 39% (mean = 33%).

Inorganic C was not quantified for these soils but is

likely a small pool as A and B horizons of typic pedons

for this family are acidic (USDA 2008, 2020). Crop

rotations in this area often include corn, wheat, oat,

soy, and sorghum. These fields were cultivated for

more than 20 years. Most of these fields were restored

by sowing equal amounts of 6 grass species (Andro-

pogon gerardii Vitman, Schizachyrium scoparium

(Michx.) Nash, Panicum virgatum L., Pascopyrum

smithii (Rydb.) Á. Löve, Bouteloua curtipendula

(Michx.) Torr., and Sorghastrum nutans (L.) Nash).

This region had a mean annual temperature of 10.9 �C
and a mean annual precipitation of 757 mm. Baer et al.

(2010) and Bach et al. (2010) provide a detailed

description of the fields sampled in this chronose-

quence. Specific locations are not available because

these fields are on private property.

The northeast Kansas, USA (NEKS) site consisted

of 6 independent restorations, with ages ranging from

1 to 35 years restored. The 35-year-old restoration was

on a Clime silty clay loam (fine, mixed, active, mesic

Udorthentic Haplustolls)-Sogn silt loam complex

(loamy, mixed, superactive, mesic Lithic Haplustolls)

soils formed from weathered shale and limestone

respectively. The other NEKS restorations were on

Reading silt loam (fine silt, mixed, superactive, mesic

Pachic Argiudolls) soils formed from alluvial silt

deposits. Sampled areas had less than 5% slope. Clay

content of these soils ranged from 24 to 33 (mean =

30%). Soil pH (1:1 soil:distilled water by weight)

ranged from 5.6 to 7.5 (Rosenzweig et al. 2016).

Inorganic C in the top 10 cm was low across all fields

(average of 0.1% of soil mass and 6% of total carbon;

Scott et al. 2017). These fields were in cultivation for

50 or more years prior to restoration. Crop rotations in

this area often include corn, soy, sorghum, and winter

wheat. These fields were restored by sowing a variety

of seed mixes. The most commonly encountered plant

species were Andropogon gerardii Vitman, Sorghas-

trum nutans (L.) Nash, and Lespedeza capitateMichx.

This site had a mean annual temperature of 12.7� C

and amean annual precipitation of 833mm. Scott et al.

(2017) provide a detailed description of the fields

sampled in this chronosequence; a map is included in

Scott et al. (2019).

The northeast Free State, South Africa (NEFS) site

consisted of 17 independent restorations near Harri-

smith, with restoration ages ranging from 4 to 44

years. These restorations were on fine loamy sand to

fine sandy loam, thermic, mixed Typic Plinthustalfs

with less than 5% slope. Clay content of these soils

ranged from 9 to 32% (mean = 18%). No inorganic C

was detectable in the top 40 cm of these soils (Lobe

et al. 2001). The fields were in cultivation for 30 or

more years before restoration. Crop rotations in this

area often include fallow, wheat, corn, and sunflower.

Most fields were restored by sowing Eragrostis

curvula (Schrad.) Nees. This site had a mean annual

temperature of 13.8 �C and a mean annual precipita-

tion of 635 mm. Baer et al. (2015) provide a detailed

description of the fields sampled in this chronose-

quence; a map is included in Lobe et al. (2001).

Measurements

We used measurements of root biomass, root C:N

ratio, soil structure (bulk density, percent of macroag-

gregates on a per whole soil mass basis, and percent of

microaggregate-within-macroaggregates on a per

macroaggregate mass basis), microbial composition
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(microbial biomass C, total PLFA biomass [excluding

AMF], and PLFA AMF biomass), and microaggre-

gate-within-macroaggregate C on a per whole soil

mass basis from the perennial grassland restoration

chronosequences in SENE (Bach et al. 2010; Baer

et al. 2010), NEFS (Baer et al. 2015), and NEKS (Scott

et al. 2017). All data were collected using the same

methods, with the exception of sample depth incre-

ments. Data from Scott et al. (2017) and Baer et al.

(2010) were derived from 0 to 10 cm soil depth. Data

from Baer et al. (2015) collected in NEFS were

derived from the 0–5 cm and 5–10 cm depth. The

sequestered soil carbon (represented by the microag-

gregate-within-macroaggregate fraction) were not

previously reported for the SENE and NEFS sites.

At all sites, intact soil cores (5 cm dia., 10 cm depth

[NEFS samples were divided into 0–5 and 5–10 cm

depths]) were removed and stored at 4 �C until

processed (within one week of sampling). In the

laboratory, each core was broken along planes of

natural weakness and passed through an 8 mm sieve.

Gravel was removed when encountered, but most

samples had no gravel. Large roots were then removed

with forceps from the entire sample. Fine roots

(appearing to be less than 1 mm diameter) were

thoroughly picked from a quarter of the sample. Roots

were washed with deionized water and dried (60�C) to
determine root biomass. Dried roots and 5–10 g of soil

were analyzed for %C and %N by dry combustion

followed by gas chromatography on a CN Analyzer

(Thermo Scientific, New Brunswick, NJ USA). A

subsample of freshly sieved soil (8 mm; *20 g) was

used to determine gravimetric water content and back-

calculate bulk density (g m-3) based on the volume

and dry weight of soil. Another subsample of freshly

sieved soil (30 mL) was frozen in a falcon tube and

later used for PLFA analyses. A subsample of

* 100 g was air dried and used for aggregate

fractionation.

Phospholipid fatty acid biomarkers were extracted

from soils using a 1:2:0.8 chloroform/methanol/phos-

phate buffer extraction (Bligh and Dyer 1959; Bossio

et al. 1998; DeGrood et al. 2005). Chloroform and

phosphate buffer were added to the extractant to allow

phase separation. The chloroform phase was retained

and evaporated under N2 gas. Solid phase extraction

was used to separate the neutral- and glycolipids from

the phospholipids. Fatty acid methyl esters were

dissolved in hexane and analyzed with gas

chromatography. See previous publications for full

details (SENE: Baer et al. 2010; Bach et al. 2010;

NEFS: Baer et al. 2015; NEKS: Scott et al. 2017).

A hierarchical wet-sieving method was used to

fractionate soil into aggregate classes and further

isolate microaggregates-within-macroaggregates

according to Six et al. (2000a, b). Briefly, soil passing

through an 8 mm sieve was air dried before slaking

(rapidly re-wetting) and isolating aggregates ([ 2

mm: macroaggregates;\2 mm and[ 250 lm: small

macroaggregates;\250 lm and[ 50 lm: microag-

gregates; and\ 50 lm: silt and clay). This isolation

was accomplished by sequentially hand-sieving soil in

a water basin at 100 back and forth motions in one

minute. Soil separated by a sieve was back washed

into aluminum pans and the remaining soil water

mixture was poured onto the next sieve. A series of

2mm, 250 lm, and 50 lm sieves were used to isolate

aggregate fractions. These aggregate fractions were

dried at 60 �C. Large macroaggregates and small

macroaggregate subsamples in proportional amounts

were then shaken in water on a fine mesh with 50

4-mm ball bearings. The mesh isolated particulate

organic matter within the macroaggregates. The water

was then poured over a 50 lm sieve to isolate

microaggregates-within-macroaggregates. This frac-

tion was dried at 60 �C, then analyzed for %C and %N

using the same methods described for root biomass

and whole soil. Carbon stocks for this fraction and

bulk soil (total C stocks) were calculated using

minimum equivalent mass (average of three lowest

bulk densities among all fields within a site was used

for all calculation; Lee et al. 2009). In the case of

NEKS total C stocks were calculated as the sum of C in

aggregate fractions. Carbonates were present in small

amounts, but consistent within a chronosequence such

that increasing total soil C is due to organic soil C

accrual. See previous publications for full details

(SENE: Baer et al. 2010; Bach et al. 2010; NEFS: Baer

et al. 2015; NEKS: Scott et al. 2017).

Statistical analyses

All statistics were performed with R statistical soft-

ware (R Core Team 2016). Microaggregate-within-

macroaggregate C and proportion of microaggregate-

within-macroaggregate C responses to restoration age

(fixed predictor) and location (block effect) was fit to a

linear mixed model using the lmer function with
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restricted maximum likelihood in the lme4 package

(Bates et al. 2015). The NEKS dataset, which included

within-field samples, was averaged to the field level to

be comparable to the SENE and NEFS sites. Signif-

icance of microaggregate-within-macroaggregate C,

total soil C, and proportion of microaggregate-within-

macroaggregate C (microaggregate-within-macroag-

gregate C/total soil C) responses to restoration age

were calculated using Satterthwaite’s denominator

degrees of freedom and Type III sum of squares with

the lmerTest package (Kuznetsova et al. 2016).

Conditional pseudo R2 values were calculated using

the r.squaredGLMM function in the package MuMIn

(Bartoń 2018). Normal bootstrap confidence intervals

(95%) were calculated using the package boot (David-

son and Hinkley 1997; Canty and Ripley 2017).

Pearson and Spearman correlation analyses were used

to assess the correlation of microaggregate-within-

macroaggregate C and total soil C. Clay content, root

C:N ratio, and microbial properties were compared

among sites with ANOVA and least significant

difference contrasts using the emmeans package

(Lenth 2020). All linear models met the assumptions

of homoskedasticity and normality of residuals.

Structural equation modeling has tremendous value

for identifying predominant mechanisms by evaluat-

ing potential causal relationships simultaneously,

though a large amount of a priori knowledge is

needed. To test multiple potential controls on physi-

cally protected C (measured in g m-2), data from all

sites (NEKS, SENE, and NEFS) were combined and fit

to a structural equation model (SEM) slightly modified

from the model-based hypothesis presented by Scott

et al. (2017; Fig. 1) that included clay content having

an influence on soil structure. This clay effect on soil

structure path was included to allow comparison

between sites; correlation between indicators of latent

variables were also removed because there was less

correlation among these variables in the data. Indica-

tors of the latent variable microbial composition were

also modified from the original model. The PLFA

biomass of all major microbial groups except AMF

(which is a separate indicator of microbial composi-

tion), rather than total PLFA biomass was used so that

a correlation could be removed from the model.

Reciprocal effects of soil structure and microbial

composition rather than an unexamined correlation

were also used in the modified model. Model fitting

was accomplished using the sem function in the lavaan

package in R (Rosseel 2012), where a P-value based

on a Chi-squared test was used to evaluate overall

model fit (P[ 0.05 considered a good fit; Grace

2006). Maximum likelihood was used in SEM models

to minimize erroneous path estimates due to negative

variance estimates of some variables (Grace, 2006).

Standardized (for all variables) path coefficients

(r) are reported for models with good overall fit;

non-significant paths were denoted with N.S. Path

values greater than 1 are possible because latent

constructs were used in the model.

Results

Across all sites, microaggregate-within-macroaggre-

gate C increased at a rate of 16 ± 5 g m-2 year-1

(estimated marginal mean ± standard error) with a

conditional pseudo R2 value of 0.59 (Fig. 2a). Simi-

larly, total C increased at a rate of 18 ± 7 g m-2

year-1 (estimated marginal mean ± standard error)

across all sites with a conditional pseudo R2 of 0.17

(Fig. 2b). There was a strong correlation between

physically protected C and total soil C (Pearson

correlation = 0.62, P\ 0.001; Spearman correla-

tion = 0.65, P\ 0.001). Proportion of microaggre-

gates-within-macroaggregates (physically protected)

C increased at a rate of 0.0053 ± 0.0014 year-1

(estimated marginal mean ± standard error) with a

conditional pseudo R2 value of 0.74 (Fig. 2c). At the

onset of restoration, 30% of C was in the physically

protected fraction; after 44 years of restoration, 53%

of C was in the physically protected fraction (Fig. 2c).

The NEFS dataset (Fig. 3) had a significant fit (v2

test: P = 0.100) to the model proposed in Scott et al.

(2017), but variation in SENE (v2 test: P = 0.001) and

all combined chronosequence (v2 test: P\ 0.001)

datasets were not as well explained. A model with

NEKS and NEFS datasets combined did not converge.

Because the NEFS model had a good overall fit,

standardized path values were compared as a measure

of effect size even if individual paths were non-

significant. Unstandardized path values, unstandard-

ized intercepts, and standardized path values for the

NEFS and NEKS models are in Table 1. Standardized

path values of direct effects on physically protected C

in the two significant models were graphically com-

pared in Fig. 4a; z statistics (unstandardized estimate

divided by standard error) are compared in Fig. 4b,
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bFig. 2 Microaggregate-within-macroaggregate C with restora-

tion age (a), total soil C (b), and proportion of microaggregate-

within-macroaggregate C (microaggregate-within-macroaggre-

gate C/total soil C) (c). The black lines represent the fixed effect
from a linear mixed model where site is a block effect. Grey

lines indicate 95% confidence intervals based on normal

bootstraps. Sites are indicated by point shapes

Fig. 3 Supporting SEM of factors influencing physically

sequestered C in northeast Free State (NEFS), South Africa

restorations. Chi-squared P values indicate overall model fit,

where P[ 0.05 is a good fit. Standardized path values are on

arrows. Line width correlates with path strength. Single-headed

arrows indicate causal relationships. Red paths indicate negative

relationships; black paths represent positive relationships.

Mcrs percentage of macroaggregates by mass; BlD bulk

density; iMc percentage of microaggregates-within-macroag-

gregates by mass; Str soil structure (latent variable indicated by

percent microaggregates-within-macroaggregates by mass, per-

cent macroaggregates by mass, and bulk density); RtB root

biomass; RtQ root quality (C/N ratio); MBC microbial biomass

C; PLF total phospholipid fatty acid biomass; AMF phospho-

lipid fatty acid biomass of arbuscular mycorrhizal fungi; Mcrb
microbial composition (latent variable indicated by total PLFA

biomass, PLFA biomass of AMF, and microbial biomass C);

mmC, soil microaggregates-within-macroaggregates C. The

following variables were transformed so that variances differed

by less than a factor of 1000: Mcrs (multiplied by 10), BlD

(multiplied by 100), PLF (divided by 10), SIC (divided by 100),

and MBC (divided by 100)
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representing strength of influenced penalized by

variability.

In the NEFSmodel (Fig. 3), the best indicator of the

latent variable indicating microbial composition was

PLFA biomass of AMF (r = 1.06), followed by PLFA

biomass of all major microbial groups except AMF

(r = 0.77), and then by microbial biomass C

(r = 0.15 N.S.). The best indicator of soil structure

was % microaggregates-within-macroaggregates by

mass (r = 0.70), followed by % macroaggregates by

mass (r = 0.65) and bulk density (r = - 0.25 N.S.).

Indirect paths through the latent variable microbial

composition were relatively weak (root biomass:

r = 0.64 N.S., root C:N ratio: r = 0.64 N.S). Indirect

paths through the latent variable soil structure varied

in strength (root C:N ratio: r = 0.85, clay content:

r = 0.52, root biomass: r = 0.17 N.S.). Soil structure

influence on microbial composition (r = - 0.77 N.S.)

was a stronger path than microbial composition

influence on soil structure (r = 0.52 N.S.). Soil struc-

ture was the strongest direct path to microaggregate-

within-macroaggregate C (r = 1.62), followed by root

C:N ratio (r = - 0.85 N.S.), followed by microbial

composition (r = - 0.14 N.S.), followed by root

biomass (r = - 0.14 N.S.). Variance explained for

physically sequestered soil C could not be evaluated

because a negative variance was fit for that variable.

Discussion

Our results suggest that restoration age is a strong

predictor of physically protected C measured by

microaggregate-within-macroaggregate C stocks in

temperate mesic perennial C4 grasslands restored from

long-term cultivation across three sites from cross-

continental regions. Similar to many other studies, the

accrual of physically protected C was linear on a

decadal time scale but is expected to accrue at slower

rates over time as a soil approaches C equilibrium

(Jastrow 1996;Matamala et al. 2008; Baer et al. 2010).

This linear increase was consistent with our hypoth-

esis. The Scott et al. (2017) model was a good fit for

northeast Kansas and northeast Free State, South

Africa data, but contrary to our expectations the model

was poor fit for southeast Nebraska and all sites

combined. A poor model fits suggests that variables

not measured in these studies are needed to adequately

explain variance in microaggregate-within-macroag-

gregate C.

Predominant mechanisms that increase physically

sequestered C in soil during restoration varied by

chronosequence location. For example, northeast

Kansas and northeast Free State, South Africa sites

differed in the relative influence of root C:N, soil

structure, and microbial composition on microaggre-

gate-within-macroaggregate C. Root C:N ratio was

more important in explaining variation in sequestered

C in South Africa than Kansas. Recalcitrant root inputs

with high C:N ratios positively correspond with

sequestered C in the short term resulting from less C

respired by microorganisms on an annual time scale

(Robinson and Jacques 1958; Puget and Drinkwater

2001). Over a longer term, however, root inputs with

lower C:N ratio are expected to promote microbial

turnover and aggregation (Cotrufo et al. 2013). Soil

structure was moderately important in models for both

sites. Soil structure physically slows down oxidation

of organic matter because of the arrangement of

minerals (Six et al. 2000a, b). Microbial composition,

especially PLFA biomass of AMF, had a large

influence on accrual of protected C in Kansas, but

not South Africa, which was unexpected and might be

attributed to Eragrostis curvula being less dependent

on mycorrhizal associations, as measured by mycor-

rhizal responsiveness, than Sorghastrum nutans,

Schizachyrium scoparium, Andropogon gerardii, and

Panicum virgatum (Wilson and Hartnett 1998).

Differences in soil texture and mean annual

precipitation among the chronosequence locations

could explain why roots contribute most strongly to

accrual of physically sequestered C during grassland

restoration in the South Africa chronosequence, but

microbial composition (particularly AMF biomass)

contribute most strongly in Kansas. Soil among the

chronosequences varied slightly in clay content and

percent clay was included in the SEM metamodel.

There was likely not enough variation in clay content

for this variable to emerge as an important causal

influence of soil C accrual among soils with similar

clay content. Climate could also cause variation in

path strengths among regions by influencing plant

belowground productivity and microbial biomass and

composition (Zhao et al. 2016). Carbon stocks gener-

ally increase with precipitation (Klopfenstenin et al.

2015). The Kansas chronosequence had nearly 200

mm higher mean annual precipitation relative to South
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Africa, but we were unable to include climate

variables in the models because they were measured

at the site but not field level.

The difference in annual precipitation and slight

difference in soil texture might explain the lack of

strong influence of microbial composition (AMF

biomass in particular) on sequestered C in South

Africa. Root C:N ratio was similar between Kansas

and South Africa, but Kansas restored soils had a

higher concentration of PLFA AMF biomarkers

(Table 2). Precipitation and AMF biomarker abun-

dance are consistent with the previous finding that

higher mean precipitation results in more AMF

hyphae (Zhang et al. 2016). Clay content and AMF

biomarker abundance (Table 2) are consistent with

previous findings that AMF abundance is associated

with clay content in disturbed ecosystems (Xue et al.

2018) and grasslands specifically (Kotzé et al. 2017).

Clayey grassland soils have more soil C in several

fractions, regardless of climate (Loke et al. 2020).

Differences in NEFS and NEKS are also consistent

with the finding that fungi are less important for soil

aggregates in clayey soils (De Gryze et al. 2005).

In the cases where our model did not fit well, i.e.,

southeast Nebraska and all sites combined, measuring

additional variables may be needed to explain variance

in microaggregate-within-macroaggregate C. Clay-

organic matter interactions such as adsorption may be

a larger store of C in clayey soils, especially those

dominated by 2:1 clay minerals, such as smectites.

Smectite group clay minerals, which dominated the

soils in southeast Nebraska, promote organic matter

accumulation between the layers of their microcrystals

(interlayer complex formation) as well as between the

smectite minerals due to high surface area and charge

(Theng 1974, 1979). Another potential explanation is

that not all organic C was complexed to clay minerals

causing less dispersion of clay minerals upon wetting

(Dexter et al. 2008; Klopfenstein et al. 2015), but the C

stocks were small enough (C:clay ratio\ 0.1) that this

behavior is unexpected. Entrainment of soil C within

carbonates might also explain lack of model fit, though

soil was sampled above the depth where carbonates

generally accumulate, and carbonates are likely less

than 6% of total C in all sites. As such, dominance of

smectite minerals is the most likely explanation for

lack of model fit in Nebraska. Additional variables that

could influence microaggregate-within-macroaggre-

gate C and deserve consideration in future modeling

studies include black carbon (carbon that has been

partially combusted; Ding et al. 2017; Melas et al.

2017) and inorganic N deposition (Field et al. 2017).

Black carbon can potentially increase aggregation and

thereby increase physical protection of soil organic

matter (Wang et al. 2017). High inorganic N deposi-

tion could also slow decomposition of organic C

through a decline in lignolytic exoenzymes (Zak et al.

2008). Additional indicators of microbial composition

such as C degrading enzyme potentials could make

model matrices symmetric and all eigenvalues posi-

tive (positive definite), possibly allowing accurate

Fig. 4 Bar graphs of a standardized path values (i.e., relative

influence of mechanism) and b Z values (unstandardized path

value/standard error) of direct paths to physically protected

carbon. NEFS northeast Free State; NEKS northeast Kansas
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estimation of the amount of variance explained

(coefficients of determination). Because sites vary in

amount of clay and clay mineralogy, we encourage

further examination of interactive effects of clay with

known mechanisms of physically sequestered soil C.

Conclusions

Across all sites, physically protected C was seques-

tered at a rate of 16 ± 5 g m-2 year-1, nearly the

same rate as total C accrual (18 ± 7 g m-2 year-1),

during grassland restoration within the decadal time-

frame when C accrual rates are linear, representing a

generalized ecosystem service provided by grassland

restoration on soils with 10–30% clay content. If

carbonates were not equally distributed among aggre-

gate fractions, this comparison of physically protected

C and total C could be misleading. The estimates for

carbon accrual only apply to restoration of fields that

were in long-term cultivation, such that a lower

equilibrium of soil C was approached (i.e., long-term

cultivation substantially lowered the soil’s capacity to

sequester C). The physically protected and total soil C

accrual rates are an order of magnitude higher than soil

organic C accrual rates from conversion to reduced

tillage in corn-soybean rotations (1.6 g C m-2 year-1;

Yu et al. 2020). The microaggregate-within-macroag-

gregate fraction is where most C accumulated,

suggesting this fraction is diagnostic of C sequestra-

tion in grasslands. This fraction was also identified as a

diagnostic fraction of C sequestration in agricultural

soils (Six and Paustian 2014). Our analysis demon-

strates that accrual of physically protected soil C can

be accurately predicted by root biomass, root C:N

ratio, soil structure (bulk density, percent of macroag-

gregates on a per whole soil mass basis, percent of

microaggregate-within-macroaggregates on a per

macroaggregate mass basis), and microbial composi-

tion (microbial biomass C, total PLFA biomass, and

PLFA AMF biomass) for soils with a clay content

greater than * 10% and less than * 30%. Further,

this study suggests that accrual of physically protected

soil C might be driven primarily by root inputs in arid

climates with sandy loam soils but by microbial

composition in mesic climates with silt loam soils.
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