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Soil structure in natural systems is a product of complex interactions between biological activity, climate and soil
minerals that promote aggregation and accumulation of biopores. In arable lands, the management of soil
structure often requires the mechanical fragmentation of hardened soil to improve seedbed, control weeds and

;ﬁl;;gue bury plant residue. Despite difficulties in defining and quantifying soil structure, its critical role is evidenced by
Soil aggregates loss of productivity when natural structure is perturbed (e.g. compaction) and the long history of tillage in
Land use agriculture. To overcome persistent ambiguities among scientific disciplines regarding definition and function of

soil structure, we propose a framework for distinguishing managed and natural soil structure based on their
different formation processes and functions. Natural soil structure preserves ecological order and legacy that
promotes biopore reuse, stabilizes foodwebs and protects soil organic carbon (SOC). The contribution of net
primary productivity of natural lands to soil structure forming processes makes it a useful (surrogate) metric of
soil structure. The benefits of managed soil structure for crops are quantified indirectly via comparisons with no-
till farming under similar conditions. The levels and trends of SOC are useful metrics for the status of natural and
managed soil structure. The systematic consideration of soil structure state in natural and arable lands using
suitable metrics is a prerequisite for rational decisions related to land management and ensuring sustainable
functioning of a fragile and central resource such as soil.

1. Introduction

Soil structure is an important trait that emerges from biological ac-
tivity including biopores formed by plant roots and earthworms and
aggregations of soil particles by biopolymers and hyphae (Tisdall and
Oades, 1982). A different type of soil structure results from the me-
chanical breakup and loosening of soil by tillage operations. Soil
structure is fragile and easily disrupted: decades of natural structure
formation can be undone in an instant by the passage of a heavy farm
implement. Traditional definitions of soil structure are biased towards
characterization of soil structure in agricultural lands, primarily
focusing on the favorable arrangement of soil constituents with respect
to their agronomical functions (Dexter, 1988). The extreme sensitivity of

soil structure to constituent arrangement, and the centrality of soil
structure in the functioning of natural lands call for a broader view and
unifying concepts of soil structure. We offer here a tentative definition of
soil structure as “the spatial arrangement and binding of soil constitu-
ents and the legacy of biological agents that support physical, chemical
and biological functions in soils”. We emphasize the importance of
visible spatial organization (solids and pores) and invisible traits (me-
chanical bonds and biological legacy) of soil structure.

Soil structure management by tillage is an old art (Whitney, 1925)
whose benefits and necessity often rely on local experience and quali-
tative measures. Soil tillage is probably the largest geo-engineering ac-
tivity on Earth. Considering the global extent of arable land (14 million
km?) and a mean tillage depth of 0.15 m (removing the area of no-till),
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we estimate a tilled soil volume of 1840 km?>/yr. This value exceeds by
two orders of magnitude the total of all engineering earthworks on Earth
(Supplementary Table S1). For comparison with the natural process of
soil bioturbation by plant roots and earthworms (Haff, 2010), we find a
bioturbed soil volume of 960 km3/yr (Supplementary Table S1). It is
astonishing that such significant global activity (i.e. tillage) rests on a
limited quantitative framework for gauging its direct benefits (Huggins
and Reganold, 2008). The rapid expansion of conservation tillage of the
past few decades (presently comprising 12.5 % of the arable land sur-
face; Kassam et al., 2019) demonstrates that, for some regions and crops,
farmers can do well without conventional tillage. Moreover, the pro-
jected intensification of agriculture for feeding a rapidly growing global
population (Tilman et al., 2011) and associated risk of soil structure
degradation (Keller et al., 2019) add urgency to define and quantify the
benefits of tillage practices. Growing concerns over the role of tillage in
greenhouse gas emissions and soil carbon storage (Reicosky et al., 1995;
Houghton, 1999; Post and Kwon, 2000; Poeplau et al., 2011) add new
dimensions to tillage decisions beyond short-term agronomic return.

An important first step towards demystifying soil structure and
developing informed expectations regarding its role and management is
to make a distinction between natural and managed soil structure. We
define natural soil structure as the cumulative ecological legacy and soil
constituent architecture by natural aggregation and bioturbation that support
soil functioning under given climatic conditions. Managed soil structure by
tillage is defined here as the breakup and arrangement of soil constituents to
support uniform and favorable conditions for crop seeds and root zones to
maximize yields. Tillage aims to break up hardened soil towards reducing
mechanical impedance, enhancing soil-seed contact, reducing weed
competition, burying plant residues and improving transport properties
without excessively harming soil ecological traits (Fig. 1).

The foregoing discussion suggests that the goals and benefits of
tillage are considerably different from the ecosystem services provided
by natural soil structure. Some of these differences are qualitatively
expressed in terms of biogeochemistry (Schlesinger and Bernhardt,
2013), SOC accumulation (Schlesinger, 1990), soil hydrology (Lange

(a) Natural Soil Structure (b) Reduced tillage

(c) Conventional tillage
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etal., 2009; Rabot et al., 2018), and the crop yields of arable lands. Even
under managed soil structure, undisturbed biological activity may
persist below (and within) the tilled layer and contribute to land pro-
ductivity (Cresswell and Kirkegaard, 1995). Conservation tillage prac-
tices offer soil management ranging from reduced tillage to no-till,
where structure disturbance is more similar to natural soil structure and
may offer benefits under certain conditions (Pittelkow et al., 2015b).
The primary goal of this study is to propose a framework for dis-
tinguishing soil structure in natural and managed ecosystems with po-
tential metrics commensurate with their respective roles in natural or
arable lands. We review key features of soil structure, seek to quantify
the benefit of soil structure managed by tillage, and characterize dy-
namic aspects of soil structure following perturbations due to land use
change or soil management.

2. Characteristics of natural and managed soil structures

A large literature is devoted to quantifying the critical links between
soil biological activity and soil structure (Lynch and Bragg, 1985; Jas-
trow and Miller, 1991; Oades, 1993; Niemeyer et al., 2014; Rabot et al.,
2018). Biological activity over long time scales transforms the charac-
teristics and mineralogy of soil parent material and contributes to soil
formation, and is thus considered a primary soil-forming factor (Jenny,
1941). Over shorter time horizons of years to decades, biological agents
transform and organize soil constituents through trophic preferences
and life cycles. The cumulative signatures of these activities give rise to a
structure that supports stable food webs and offers ecological templates
for future life cycles (Verboom and Pate, 2006; Rabot et al., 2018;
Colombi et al., 2017; Landl et al., 2019). In contrast to the gradual and
nuanced soil structure formed by biological processes, the top layer of
arable soil is subjected to abrupt mechanical fragmentation by tillage
(Whitney, 1925; Dexter, 1979; Hadas, 1997). The annual tillage ritual is
often driven by the relatively rapid collapse of the loose soil structure by
wetting-drying cycles (Ghezzehei and Or, 2000), compaction by farm
machinery (Andersson and Hakansson, 1966), weed and pest control

Fig. 1. A sketch of natural and managed soil
structure characteristics. (a) Natural soil
structure is shaped by soil-fauna-vegetation-
climate feedbacks (accumulation of biopores
and invisible soil aggregation). (c) Managed
(tilled) soil structure is characterized by me-
chanical fragmentation of the top layer and
subsequent coalescence and consolidation of the
loose structure (certain biological activity is
maintained at the undisturbed subsurface). (b)
No-till and reduced tillage management fosters
higher biological activity that conventional
tillage but lacks the vegetation diversity and soil
organic carbon accumulation of natural soil
under similar conditions.
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and preparation of a seedbed for the next crop (Hakansson and von
Polgar, 1984; Hadas, 1997).

Despite considerable differences in the formation and functions of
natural and managed soils (Fig. 1), agronomic experience shows that
tillage is effective in promoting crop growth. An unfortunate source of
confusion is the similar appearance and size distributions of tillage
-produced soil fragments and biologically-formed aggregates (Dexter,
1988; Hadas, 1997; Or and Ghezzehei, 2002). Despite reference to these
as aggregates, fragments and natural aggregates are mechanically and
ecologically different (Fig. 2). Soil fragments are weak and coalesce
upon wetting (Or and Ghezzehei, 2002). In contrast, natural aggregates
are embedded in the soil matrix; they tend to be stable and bio-
geochemically active (Tisdall and Oades, 1982; Lynch and Bragg, 1985;
Tisdall, 1994; Jastrow et al., 1998). The acquired mechanical stability is
a product of aggregate formation processes with organic residues
incorporated by biological activity including binding and stabilization
by biopolymers, and particle enmeshing by hyphae and fine roots (Six
et al., 2002, 2004; Rabot et al., 2018; Ghezzehei and Or, 2000).

2.1. Natural soil structure

The close links between biological activity and soil binding by
embedded SOC, proliferation of legacy biopores, and formation of stable
food webs offer glimpses of how natural soil structure promotes soil
ecological functioning. Evidence suggests that plant roots preferentially
exploit and reuse existing biopores (Cresswell and Kirkegaard, 1995;
Watt et al., 2006; Colombi et al., 2017; Landl et al., 2019). Biopores act
as biological hotspots that may persist across years and decades
(Hagedorn and Bundt, 2002). Recent studies have elucidated how soil
pores and organic carbon jointly interact to mediate decomposition rates
(Kravchenko and Guber, 2017; Lucas et al., 2019). Anecdotal evidence
suggests that natural soil structure not only promotes SOC accumulation
(Reicosky et al., 1995; Poeplau et al., 2011), but also allows for pres-
ervation of spatial ecological traits including legacy rhizobiomes pre-
served in favorable locations that provide a roadmap for future roots
(Garbeva et al., 2008; Poudel et al., 2019). Avoidance of mechanical
disruptions permits accumulation of biopores (Verboom and Pate, 2006;
Wouest, 2001; Rabot et al., 2018; Lucas et al., 2019) and the persistence
of habitats formed by macrofauna that contribute to increased diversity
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of soil organisms (de Bruyn, 1997; Chan, 2001) and preserving benefi-
cial fungal networks (mycorrhiza). The bulk effects of biological activ-
ity, such as increased macro-porosity (Valentine et al., 2012) and higher
levels of SOC, modify soil transport properties and enhance water
retention and gas exchange that, in turn, promote biological activity.
Evidence suggests that a stable and mature soil structure in natural
ecosystems supports ecological functioning by promoting root growth
and efficient exploration of soil volumes populated by beneficial bac-
teria and fungi, with new roots capitalizing on legacy microbiome, nu-
trients and biopores.

Despite these observations, the centrality of soil aggregates as hot
spots for biological activity (Haynes and Swift, 1990), biogeochemical
processes (Schlesinger and Bernhardt, 2013), and their significance to
soil structure have been questioned recently (Kravchenko et al., 2019;
Rabot et al., 2018). This debate could be partially linked to the confusion
between soil aggregates and fragments (Fig. 2). Natural soil aggregates
are seamlessly embedded in the surrounding soil matrix, whereas
tillage-produced fragments are often loosely packed and form
inter-fragment spaces. Hence, the common notion of inter-aggregate
macropororsity is probably rooted in tilled soil structure, whereas nat-
ural aggregates become apparent only after mild disruption of a sampled
soil volume (Tisdall and Oades, 1982; Oades and Waters, 1991; Six et al.,
2002). The process and life cycle of an aggregate may span years to
decades (Kay, 1990; Jastrow et al., 1998). Empirical correlations be-
tween aggregate stability and soil productivity and functioning (Six
et al.,, 2002, 2004) reflect the role of aggregates as stable biological
hotspots in the soil’s ecological hierarchy (Wang et al., 2019a, b).

The amounts and changes (trends) in SOC reflect a delicate balance
between plant-derived carbon inputs, decomposition by biological ac-
tivity, and the internal accumulation of SOC as binders for soil structure
across several hierarchical levels (Haynes and Swift, 1990). The
importance of SOC-laced soil structure becomes evident following sig-
nificant land use changes from natural to managed land that disrupt
these delicate structures and the balance of processes that maintain
them. Such transitions are accompanied by significant losses (or accu-
mulation) of SOC over decades to century (Post and Kwon, 2000; Poe-
plau et al., 2011) as will be elaborated in Section 3. Although the
complex processes that give rise to specific SOC levels have not yet been
resolved, SOC is an important index that enables assessment of the

(b)

Fragments are unstable

Coalescence,
consolidation
(t = weeks)

Fig. 2. Soil aggregates and fragments may look similar but are formed by different process and have different properties. (a) Soil aggregation is stimulated
by biological activity with biopolymers and hyphae that stabilize and bind soil particles (the inset reflects a hypothetical aggregate life cycle, from Ghezzehei and Or,
2020, in preparation); (b) soil fragments form by mechanical forces of tillage, they tend to be mechanically weak and coalesce upon wetting with macroposity
collapsing within a single season (see insert from Or et al., 2000). The different formation mechanisms impart different mechanical properties, arrangement in the soil

body, and ecological functions for aggregates and fragments.
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stability and ecological effectiveness of soil structures (and potential
attainment of functional steady state). In essence, we propose to expand
the proposition of Schmidt et al. (2011) for considering the rate of
change of SOC and its long-term levels as an indicator of the state of soil
structure and function.

2.1.1. Metrics of natural soil structure

In the consideration of potential metrics for assessing the status of
soil structure, we often invoke the standard hydro-mechanical traits
(similar to those used for assessing managed soil structure), including
water and gas transport metrics (saturated hydraulic conductivity, gas
diffusivity, and infiltration capacity), water storage and mechanical
penetration resistance. These metrics are useful because they are
measurable and provide a basis for systematic comparisons. Because
defining target values for natural soil structure is of limited value, we
may use these metrics for comparisons of soil structure state across bi-
omes, or in comparisons to tilled soil (Fig. 3). Metrics associated with
biological activity (microbial biomass, earthworm biomass and abun-
dance) are strongly reduced in tilled soil, whereas mechanical imped-
ance is often similar in managed and natural soil structure. The
differences reflect that soil tillage aims at optimizing mechanical
impedance for root growth, but not specifically promoting soil biological
activity. Certain soil structural features are specific to natural soil such
as the proliferation of soil biopores (Wuest, 2001; Lucas et al., 2019),
and the abundance and diversity of soil macrofauna. Hence, their levels
could serve as specific metrics for soil structure. In addition, we could
reinterpret the well-established metric of water-stable aggregates to
account for the fraction of natural aggregates within a soil volume (to
distinguish them from unstable fragments) and thus the degree of nat-
ural soil structure that remains in tilled and fragmented soil.

The development of soil structure under stable natural vegetation
shows NPP as a critical parameter determining soil structure in different
biomes (Dunne et al., 1991; Fatichi et al., 2020). NPP reflects the soils’
potential for supporting biological activity; it affects carbon inputs and
long-term SOC balance. Studies have shown links between NPP and
natural soil structure development. For example, higher saturated hy-
draulic conductivity or surface infiltration capacity (see also Fig. 3),
have been attributed to cumulative effects of vegetation, particularly the
increase in biopores formed by decaying roots (Dunne et al., 1991;
Lange et al., 2009; Thompson et al., 2010; Wuest, 2001; Niemeyer et al.,
2014; Lucas et al., 2019). The myriad links between vegetation, NPP and
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soil structure have not been widely discussed due to the dominance of
soil structure in the context of agricultural soils and tillage (Or, 2019). It
is precisely this gap linking vegetation and soil structure and indirectly
soil hydraulic properties that motivated Fatichi et al. (2020) to propose
systematic consideration of vegetation effects on natural soil structure
and soil hydraulic parameterization with consequences for local and
global hydrologic fluxes.

2.2. Managed (tilled) soil structure

The basic tenets of Cato the Elder regarding soil management from
De agri cultura (160 BC) "What is it to till the land well? It is to plow well.
What next? To plow. What is third? To manure” (Olson, 1945) have not
changed much over the millennia. Certain aspects of desired soil struc-
ture may vary with soil type, crop and climatic regions, yet the main goal
remains similar — creation of favorable agronomic conditions for the
crop and elimination of competition from weeds. Considering the suc-
cess of no-till in many parts of the world, it is reasonable to ask what are
the direct benefits of tillage? How can we quantify these benefits
objectively and systematically?

2.2.1. Goals and desired traits of managed soil structure

Tillage disrupts the past “ecological legacy” and presents seedlings
and crop roots with a homogenized soil environment with limited
ecological cues for the expanding roots. Yet, experience shows that
tillage offers significant benefits ranging from creation of favorable tilth
with reduced mechanical impedance, to uniform conditions across the
field, reduced competition with weeds, deeper and faster incorporation
of plant residue, and pathogens control (Watt et al., 2006). Seedbed
preparation and homogenous conditions are critical to uniform germi-
nation and the ultimate success of crops (Collis-George and Hector,
1966; Hakansson and von Polgér, 1984; Collins et al., 1984; Brown et al.,
1996). On balance, the advantages presented by natural soil structure
are partially compensated by mechanically favorable and uniform con-
ditions of tilled soils. Average target values, optimal ranges and
thresholds for selected properties of managed soil structure are sum-
marized in Table S2. Interestingly, no target values for biological
properties of tilled soils are reported in the literature, highlighting the
narrow aims of tillage that are not strongly guided by biological traits.

It is instructive to consider the role and function of the undisturbed
subsoil below the tilled layer and its understudied contribution to

Bulk density (20)
Macroporosity (6) —
Aggregate stability (5) ——
Mean weight diameter (8) - ——
Mechanical impedance (10) —0—
Infiltration (7) @
s0c (20) - e
Respiration (9) - -
Microbial biomass (8) - —
Earthworm biomass (3) - —
Earthworm abundance (19) - ——
-0.50 -0.I25 0.60 0.I25 0.|50 0.|75 1.00

Log Response ratio (natural/managed)

Fig. 3. Metrics of natural soil structure relative to managed soil structure. Data are from paired studies (Supplementary Table S3) that compare metrics from
natural and managed soil structure at the same location (to remove potential biases due to climate, soil type or measurement methods). Numbers in parentheses

indicate the numbers of paired studies.
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agriculture. While this soil domain remains largely undisturbed, it may
not function in a similar way as natural soil under native and diverse
vegetation and fauna, due to the presence of annual monoculture with
agrochemicals and fertilization inputs. Moreover, the presence of a
compacted plow layer creates a mechanical and hydrological disconti-
nuity not found under natural soil conditions (Dexter, 1986). Never-
theless, within this minimally disturbed layer biopores develop and
accumulate (Kirkegaard and Lilley, 2007; Lucas et al., 2019) and roots
may access water and nutrients (McCallum et al., 2004; Watt et al.,
2006). To realize the crops’ full potential, the untilled subsoil must
remain mechanically accessible to crop roots (Dexter, 1991; Cresswell
and Kirkegaard, 1995). This places significant constraints on sustainable
agro-mechanical operations, namely avoidance of compaction of the
untilled subsoil — a risk projected to increase with agricultural intensi-
fication (Keller et al., 2019).

2.2.2. Quantifying the benefits of managed soil structure (tillage)

The long history of continuous practice at massive scales with a
limited empirical basis makes soil tillage “a commonly practiced art, but
a neglected science” (to paraphrase Keey, 1972). The expansion of
conservation agriculture (Kassam et al., 2019) with demonstrated ben-
efits in certain climatic regions and crops (Pittelkow et al., 2015b) raises
questions regarding the direct benefits of conventional tillage. Consid-
ering Human Allocated Net Primary Production (HANPP) under
different land use practices (Haberl et al., 2007; Krausmann et al., 2013)
suggests that native land with natural soil structure supports higher
ecosystem NPP levels than arable lands. The differences have been
attributed in part to a richer soil ecology, naturally balanced carbon and
nutrient cycles, and diverse vegetation self-selected for soil and climate.
This is supported by analyses of land productivity potential (Tilman
et al., 2011; Foley et al., 2011) that create the impression that arable
lands are less productive than natural (untilled) lands. The difference in
productivity could be partially attributed to the inherent annual cycle of
crops that grow during part of the year, with considerable investment in
building new roots and shoots and only part of the plant harvested for
yield. The notion that arable lands are less productive than the original
native lands is debatable considering crop yields selected for maximum
biomass or dry matter production (i.e., where yield is close to NPP). For
example, sugar beet or corn for silage, where crop yields may reach
20-30 tons/ha (dry matter) similar or higher than potential NPP of
native vegetation. Bradford et al. (2005) have shown that agriculturally
derived NPP in the Great Plains of the USA often exceeds native vege-
tation NPP. The point being that tillage (despite its many limitations)
does not necessarily reduce land productivity relative to natural lands

(a)

wheat ——
cereals ———
rice ——
maize —e—
-15 -10 -5 0 5

Effect on yield [%]
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supporting native vegetation, particularly in the context of modern
agronomic practices with exogenous human inputs such as irrigation
and fertilization (Smith et al., 2014).

2.2.3. No-till as a reference frame for evaluating the benefits of tillage
under similar conditions

A potentially useful reference frame for evaluating the direct benefits
of tillage for arable lands is a comparison of crop yields (and other traits)
for tilled and no-till under similar soils, climatic conditions and crops
(Huggins and Reganold, 2008; Soane et al., 2012; Powlson et al., 2014).
This appears to be the closest comparison where tillage is the primary
difference between these land management practices. No-till often re-
sults in reduction in crop yields of about 10 % on average relative to
tilled soil (Pittelkow et al., 2015a, b; Fig. 4). Among the expected ben-
efits of no-till are the stimulation of ecological networks, increased soil
organic carbon, and improved soil water retention and storage (Huggins
and Reganold, 2008; Powlson et al., 2014; Kassam et al., 2019). The
results in Fig. 4 indicate that the crop performance under no-till is
strongly dependent on the crop type and climate. The greatest benefits of
no-till occur under rainfed agriculture in arid regions (Pittelkow et al.,
2015a). Although not described in detail, we expect differences between
crops (Fig. 4a) to reflect the sensitivity of different crops to seed
placement and germination uniformity (Collis-George and Hector, 1966;
Brown et al., 1996). Minute differences in seed placement depths due to
nonuniform crop residues in no-till (Conceicao et al., 2016) and in
moisture conditions (Hakansson and von Polgdr, 1984) could affect crop
yields. No-till appears less favorable in humid climates (Fig. 4b) where
soil aeration is important and higher soil density under no-till may limit
soil gas transport (Ben-Noah and Friedman, 2018; Colombi et al., 2019),
and where crop residues may make it difficult to control pathogens
(Watt et al., 2006). Additionally, crops sensitive to soil mechanical
impedance or those that invest in belowground tubers tend to perform
worse under no-till that generally presents higher mechanical imped-
ance (Valentine et al., 2012; Martinez et al., 2016). The trends emerging
from comparative studies show that no-till may not be suitable for all
conditions (Pittelkow et al., 2015a), suggesting that conventional tillage
may offer certain advantages in carefully managed intensive agriculture
where chronic yield losses associated with no-till are not acceptable
economically.

From climate change mitigation perspective, it has been shown that
no-till has not resulted in significant soil carbon accumulation even after
a decade of crop residue return, except at the very top soil layer (Baker
et al., 2007; Angers and Eriksen-Hamel, 2008; Powlson et al., 2014).
One reason could be that carbon inputs into the soil (i.e. roots) do not

(b)

dry rainfed °
e dry irrigated
—— humid rainfed
® humid irrigated
-20 -10 0 10 20

Effect on yield [%]

Fig. 4. Crop yield impact of no-till relative to conventional tillage systems. Difference in crop yield (in %; 100*[Yield_ NT-Yield_T]/Yield_T, where T is con-
ventional tillage and NT no-till) for (a) different crops and (b) different climates. Redrawn from the global meta-analyses of Pittelkow et al. (2015b).



D. Oret al.

change much, whereas harvested parts of crops are removed from the
field irrespective of tillage practices. It is also possible that the extremely
slow rates of SOC accumulation in response to changes in soil manage-
ment (Houghton, 1999; Poeplau et al., 2011) and inter-annual vari-
ability make it difficult to detect changes in SOC. The persistent response
of SOC levels to changes in land management (particularly a rapid
decline in conversion of natural to tilled) provides an important clue for
the crucial role of soil structure and the adverse impacts of mechanical
disruptions for soil ecology and its ability to store organic carbon
(Reicosky, 1997). Hence, differences in soil management should be
evaluated not only by their impacts on yield, but also considering their
long-term effects captured by integrative ecological metrics such as SOC.

3. Aspects of soil-structure dynamics and soil functioning

Soils are living systems with their internal structure dynamically
adjusting to management, climate, and disturbance legacy. Among the
most revealing examples for the role of soil structure in ecosystem
functioning are the consequences of abrupt land use change (e.g. forest
to arable land conversion), natural disturbances (fire, desertification or
climate change) and unintended consequences of land management (e.g.
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soil compaction). These abrupt changes trigger a cascade of impacts that
may either lead to a new equilibrium soil state, or gradually revert to
pre-disturbance state. The prediction of a soil stable state and its tra-
jectory is far from simple, yet ample evidence of persistent changes in
the state of SOC with changes in soil management has been well-
documented (Supplementary Fig. S1; Houghton, 1999; Post and Kwon,
2000; Poeplau et al., 2011). Moreover, soil systems may attain different
stable states under similar climate, soil and vegetation cover depending
on management and disturbance history (Robinson et al., 2017, 2019).
For practical applications, the rates of change and processes that
dominate the attainment of new soil equilibria (or reverting to
pre-disturbance state) are of particular interest.

The potential usefulness of SOC levels and dynamics as metrics of
ecosystem functioning (Schmidt et al., 2011) is supported by observa-
tions of SOC dynamics following land-use conversions (Houghton, 1999;
Post and Kwon, 2000; Poeplau et al., 2011). Often, the response of SOC
levels to land-use conversion is asymmetric with rapid SOC loss for
conversion of natural to tilled soil, relative to slow accumulation and
long equilibration times following the abandonment of tillage (Fig. 5a,
Supplementary Fig. S3; Novara et al., 2011). Ledo et al. (2020) have
shown that SOC increases under perennial crops in comparison to

Fig. 5. Changes in soil organic carbon concentration (SOC)
and bulk density due to land use change. (a) Relative
change in SOC following land use change: degradation (grass-
land to cropland; blue) reaches a new steady-state within a
decade or two, whereas restauration from cropland to grassland
is a slower process (SOC levels steady-state is not reached even
after a century); data from Poeplau et al. (2011). (b) Change in
soil bulk density (BD) as a function of the change in SOC,
revealing that the loss (increase in BD, decrease in SOC) is
larger than the gain (decrease in BD, increase in SOC), which is
associated to the different time scales for degradation (faster)
and restoration (slower); data from Deng et al. (2016). The
conceptual inset in (b) illustrates impacts of land use change on
SOC and BD with representing soil degradation following
forest to arable land conversion, and @ soil restoration from
arable land to forest. Soil degradation (SOC loss, increased BD)
is faster than restoration, with differences in absolute changes

Delta soil organic carbon concentration, ASOC (% by weight)

1.0

for a given time period (red and green arrows represent similar
periods).
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annual crops, attributing the trend to absence of mechanical disturbance
by tillage in perennial crops. These studies paint a consistent picture of
the effects of introduction or abandonment of tillage on SOC trends.

Tillage results in a homogenization of SOC within the tilled layer,
while SOC accumulates near the surface under no-till (Reicosky et al.,
1995). Meta-analyses of data from conventional tillage and no-till (An-
gers and Eriksen-Hamel, 2008) show no significant differences in soil
SOC accumulation, contrary to expectations in terms of soil carbon
sequestration under no-till (Powlson et al., 2014). Nevertheless, several
studies show a gradual increase in SOC stocks under no-till, albeit dif-
ferences between tillage systems become detectable only after several
decades after conversion (Angers and Eriksen-Hamel, 2008; Haddaway
et al., 2017).

Hence, the challenge for using SOC levels and dynamics as diagnostic
metrics for soil management and ecological functioning are the
exceedingly slow changes that span decades, while soil structure man-
agement decisions and disturbances occur at much shorter time scales.
We thus propose to supplement SOC measurements with soil structure
metrics that respond rapidly to soil disturbances at short time scales,
such as changes in soil macroporosity (preferably expressed as bio-
pores), mechanical impedance or bulk density. Despite many limitations
and lack of sensitivity to soil pore architecture, soil bulk density has
been used and reported extensively for soil structure characterization.
The availability of concurrent information on SOC and soil bulk density
motivated the analysis presented in Fig. 5b, to address rapid and pre-
cursory changes in soil structure state, reflected in abrupt changes in
bulk density and the ensuing adjustments in SOC levels that may take
decades to be manifested (Fig. 5a). The results also point to a strong
relationship between SOC and bulk density that links SOC response to
changes in soil structure, highlighting the usefulness of SOC as an
integrative measure of soil structure state (Supplementary Fig. S2). The
nonlinear synergy between SOC and soil structure is also manifested by
the large decrease in bulk density with increasing SOC that exceeds
predictions from linear mixing of organic matter and solids with their
respective densities. Finally, the impact of land use change summarized
in Fig. 5 suggest that soil structure degradation occurs and is manifested
at shorter times relative to the slower and longer path of soil structure
restoration. The different pathways for soil structure degradation and
restoration highlight the urgent need for more inclusive and ecologically
sensitive metrics for soil structure (other than bulk density), for
example, quantifying rates of biopore accumulation or loss.

The dynamic nature of soil structure and its influence on soil function
are reflected in trends and equilibrium levels of SOC (and associated
changes in soil bulk density). The sensitivity of SOC to tillage operations
(Supplementary Fig. S4; Reicosky et al., 1995) and the rate of attainment
of new equilibria following land use or soil structure perturbation
(Fig. 5), make SOC monitoring a promising metric for comparing the
consequences of soil management, land use and disturbances for both
natural and managed soil structures. However, the usefulness of SOC
monitoring must be placed in the context of land use practices to cali-
brate expectations for SOC levels for natural and tilled soils (for certain
soil and climatic conditions).

4. Summary and outlook

A central theme of this study is the distinction between natural and
managed soil structure, a critical step towards disentangling past
confusion and enabling a rational path for quantifying desired soil
structure states and their potential contributions to ecosystem services.
The centrality of stable structure to soil ecosystem services becomes
abundantly clear following land use conversion with the introduction
(or cessation) of tillage. The conversion of native grassland to arable
land invariably leads to rapid decline in SOC levels within a decade with
subsequent stabilization at a new soil structure state determined by
climate and land management.

Globally, soil tillage is the largest land engineering operation on
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Earth, yet tillage is a neglected science. The expansion of no-till practices
challenges the need for tillage; however, systematic evaluation of crop
yields and other metrics suggest that no-till is not universally beneficial,
and no-till adaptation must be tailored to crop, soil and climate condi-
tions. Seedbed and sowing uniformity play a critical role in crop yields
and may be a decisive factor in the success of tillage. A “strategic”
application of minimum tillage may result in numerous benefits (Con-
yers et al., 2019) despite conflicts with the philosophical ideal of zero
disturbance. The term “managed soil structure” does not preclude nat-
ural contributions within disturbed soil volumes and in the undisturbed
subsurface, with no-till practices further blurring the lines between the
binary classification of natural versus managed soil structure.

The services rendered by natural soil structure are quantitatively
indecipherable, yet mounting evidence suggests that stability and legacy
effects of biological activity result in an ecological road map for future
vegetation. Roots favor growth into existing biopores and potentially
benefit from legacy microbial communities. The cumulative effects of
biological activity lead to increased soil stabilization by organic carbon
deposited by biological agents. The formation of ecological aggregates is
an example that underlies the traditional use of water- stable aggregates
as a measure of soil health. Aggregates and soil fragments formed by
tillage may look similar but have vastly different functions, which may
contribute to the confusion and debate related to the existence and
relative importance of soil aggregates.

A certain degree of overlap in the values used to characterize natural
and managed soil structures does not reflect similar roles. Classical
metrics often focus on hydrologic functions (infiltration, water reten-
tion, diffusion) and plant related conditions (aeration, low mechanical
impedance) guided by desired traits of managed soil structure. The
overlap in characterization methods and metrics, and the lumping of
aggregates and fragments have hindered progress in this important area.
We propose to expand the range of metrics by including SOC levels and
dynamics (trends) as an integrator of soil structure on its ecological
functioning. Additionally, the distinction between natural and managed
soil structures requires consideration of long-term vegetation cover
(NPP) of natural lands as an important factor that feeds structure-
forming biological processes. Evidence suggests that the development
of natural soil structure is linked with vegetation density, thus allowing
this remotely sensed variable to be an indirect metric of soil structure in
natural lands. Ability to include soil structure in the characterization of
natural landscapes is an important step towards the quantification of
their functioning as ecohydrological units, and contributes to better
representation of soil hydraulic and transport properties in Earth system
models.

Improved understanding of the nature and role of soil structure in
arable lands is critical for rational guidance of tillage operations with
their agronomic, environmental and climatic consequences. There is a
need to demystify the benefits and role of no-till relative to tillage
practices within the spectrum of land management options. Clearly, for
some regions and crops, no-till offers an environmentally and econom-
ically sound solution. On the other hand, sweeping rejection of con-
ventional tillage where no-till performs poorly is a disservice to farmers
and to the needs of a rapidly growing global population in need for
efficient food production systems.

A rigorous and universal definition of soil structure remains elusive,
however, the proposed framework for disentangling biases surrounding
this important soil trait paves the way for adopting new metrics suitable
for managed and natural lands, and placing the representation of soil
structure on quantitative and predictive scientific basis.
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