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Soil organic matter is a key indicator of many ecosystem functions, particularly in agricultural systems.
With carbon as its majority constituent (~58%), soil organic matter is a key variable relating production and
environmental responses. However, it is argued that depth distribution of soil organic carbon (SOC) may be
more important in understanding how agriculture affects ecosystem services derived from soil than the total
quantity of SOC. Conservation agricultural systems lead to highly stratified SOC, which helps to protect soil
from erosion and prevent runoff loss of nutrients (i.e., water quality improvement), creates a concentrated
organic habitat for nutrient storage and soil biological diversity (i.e., soil quality improvement) and
promotes a structurally stable pore network connecting surface and subsurface to avoid negative impacts
on soil aeration and GHG emissions (i.e., air quality improvement). A protocol is described to calculate the
stratification ratio of soil organic matter fractions from a diversity of sampling procedures, which may be
relevant in different ecoregions and conditions of the soil.

Abundant natural resources have provided America,
and many other countries, with the wealth needed
to support a prosperous economy. However, unlike
extractable, nonrenewable natural resources (e.g., coal,
oil and minerals), agronomically important natural
resources (e.g., air, water and soil) are renewable sources
of wealth that rely on stewardship to remain valuable
into the future. If we disregard these renewable natu-
ral resources, America’s wealth will certainly diminish.
Poor land management decisions can turn clean airina
region to dusty and polluted skies (remember the Dust
Bowl of the 1930s?). Even more far reaching, however,
poor land management decisions in many seemingly
small isolated situations can change our common global
atmosphere and increase the unpredictability of weather
events in response to rising GHG concentrations. Simi-
larly, poor land management decisions can lead to local
and regional pollution of surface and ground waters. Of
equal concern, less than ideal land management imple-
mented across a large region can negatively affect distant
ecosystems; for example, hypoxia in the Chesapeake Bay
and Gulf of Mexico from cumulative effects throughout

the Chesapeake Bay watershed and the vast Mississippi
River Basin.

Soil quality can be similarly diminished or rejuvenated
with various land management decisions, although
local decisions are not as geographically far reaching
as they are on air and water quality issues. However,
soil quality is a key factor in controlling the quality of
air and water on a broader scale. This paper addresses
the interrelationships among air, water and soil qual-
ity, as affected by different agricultural management. It
is posited that soil organic carbon (SOC) — not simply
its content, but its depth distribution in the soil pro-
file — can be used as a key indicator of environmental
quality in agricultural systems. A conceptual diagram is
described in Figure 1, in which air, water and soil qual-
ity are directly affected by agricultural management
practices and systems. The author’s hypothesis is that
stratification of SOC will integrate these environmental
quality responses into a simple yet robust index that can
help guide the development and widespread implemen-
tation of sustainable agricultural systems (note: SOC
is used here as a broad measure of soil organic matter;
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Conservation agricultural management
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Figure 1. Influence of agricultural management on air, water and soil
quality. lllustrates how air, water and soil quality are affected by agricultural
management, the results of which influence the environmental component
of agricultural sustainability, as indicated by the stratification ratio of soil
organic matter fractions.

the stratification index could be calculated with other
fractions of organic matter as well).

America’s investment in renewable natural resource
wealth started with the development and implementa-
tion of a variety of conservation agriculture approaches.
Conservation tillage, cover cropping and recycling

Soil quality: Ability of soil to achieve
inherent soil functions; for example, to
physically support plant growth, receive
and store water, cycle nutrients
efficiently, foster a thriving soil
biological community, and decompose
natural and xenobiotic compounds.

Water quality: Condition of water
flowing through or over a landscape;
negatively affected by chemical or
biological contamination from land
management activities.

Soil organic carbon: Living and
nonliving carbon in soil that contributes
as a food source for soil biological
activity, as a chemical structure to store
a wide diversity of nutrients, and as a
physical component of soil that
controls water and gas flow into and
out of soil.

Conservation agriculture:
Environmental approaches to
agricultural production that recognize
the appropriateness of multiple soil and
water conservation practices to build a
sustainable system within a particular
region. Three key principles of
conservation agriculture are minimizing
soil disturbance, maximizing soil surface
cover and stimulating biological
activity.

of animal wastes as soil amend-
ments on crop and pasture lands
are wise steps towards regenerat-
ing our natural resources, due to
the many benefits they impart of
protecting soil from erosion, build-
ing organic matter and efficiently
utilizing nutrients. However, these
components should only be viewed
as a beginning, as there are ecologi-
cally oriented system level changes
needed to transform the nation’s
agriculture into a regionally appro-
priate sustainable food production
system that simultaneously regen-
erates its natural resource wealth
(1]. Some systems to consider along
this continuum of sustainability are
conservation agricultural systems,
organic agricultural systems, inte-
grated crop—livestock systems, man-
agement-intensive rotational graz-
ing systems and perennial-based
agricultural systems.

With better understanding and
utilization of a robust, simple and
quantitative index, the status and
trend of a region’s renewable natural

resource wealth could be efficiently and appropriately
characterized with time. This would contribute to
the sustainability of agriculture, particularly the first
component of the following four goals [2]:

= Enhance the natural resource base and environment;
= Make farming financially viable;

= Contribute to the well-being of farmers, farm workers
and rural communities;

= Provide abundant, affordable food, feed, fiber and
fuel.

Furthermore, extensive quantification of this envi-
ronmental quality indicator could help contribute to the
recommendation by the National Research Council [2]:
“Sustainability is best evaluated not as a particular end
state, but rather as a process that moves farming systems
along a trajectory toward greater sustainability on each
of the four goals ... Finding ways to measure progress
along a sustainability trajectory is an important part of
the experimentation and adaptive management process . ..
Yet, there are no agreed-upon standards regarding which
indicators to use under different conditions ... Developing
consistent and effective indicators would facilitate assess-
ment of the sustainability of farming practices or systems.
Understanding the relationships between sustainability
indicators and the outcomes they are meant to represent is
a priority for future research.”

Utilization of this environmental quality indica-
tor also fits within the goals outlined in Janzen ez al.
to intensify our research efforts in understanding the
functioning of robust and resilient ecosystems from
the vantage point of the future, which certainly will
require that agricultural systems have high environmen-
tal integrity amidst a burgeoning human population
demanding more food [3]. In addition, a more systems-
oriented approach to understanding agriculture and the
environment in its complexity of interactions is needed.

Balance between production & environmental
quality

Striking a balance between food/fiber/feed produc-
tion and conservation of natural resources is needed
to achieve long-term sustainability in agricultural sys-
tems. During the 20th century, American agriculture
shifted focus several times from production-oriented
to conservation-oriented approaches. Tillage-intensive
agriculture expanded throughout the Great Plains dur-
ing the early part of the century but, when combined
with the severe droughts of the 1930s, a major con-
servation movement developed that placed emphasis
on soil conservation. The chemical-intensive agricul-
ture that developed mid-century to overcome the low
food supply during World War II resulted in vast water
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pollution, eventually placing greater emphasis on water
quality protection. Toward the end of the 20th century,
several factors led to the development of conservation
tillage systems, which conserve water, use less energy
and reduce soil erosion. Some of these factors included
increasing competition for water between municipal—
industrial-agricultural sectors, the energy crisis of the
1970s that magnified machinery operating expense and
ongoing, widespread soil erosion that required abate-
ment. Current high oil prices and government incen-
tives to develop biofuels from agricultural products have
caused another production-oriented stimulus. Concern
over potential soil and water degradation with expanded
biofuel production has been raised [4.5].

Development and widespread utilization of a few
environmental quality indicators would help moder-
ate extreme fluctuations between production and envi-
ronmental foci, ultimately leading to a more targeted
and efficient path towards truly sustainable agricultural
systems.

GHG emissions

Agricultural GHG emission (notably CO,, CH, and
N,O) is a topic of much current research, which is
deservedly occurring due to the relatively unknown
quantitative impacts that various agricultural manage-
ment systems are exerting on these important gases
that can influence direct and indirect components of
climate change [6]. Globally, the dominant GHG is
CO,, contributing 77% to radiative forcing. A great
deal of research has been conducted for decades on CO,
emission from soil under various agricultural systems
(7-12]. More recently, CH, and N,O emissions have been
increasingly researched, although relatively little is still
known about the numerous edaphic and biological fac-
tors influencing their annual and seasonal variations.
CH, has a global warming potential on a molar basis
compared with CO, (100-year time period) of 25 and
contributes 14% to radiative forcing, and N,O has a
global warming potential of 298 and contributes 8%
to radiative forcing [13]. From the estimated US agricul-
tural burden of 501 Tg CO,-e in 2008, N,O emission
contributed 46% (mainly nitrogen management of soil)
and CH, emission contributed 37% (mainly enteric fer-
mentation and manure management), leaving 16% due
to CO, emission (mainly fossil fuel use and liming, and
urea applications to soil) [14].

Emission of GHGs from agricultural systems is
highly dynamic, both spatially and temporally. Large
temporal variations have been reported on daily, sea-
sonal and yearly time scales. Pulses of N,O emission
have been measured, especially in response to thaw-
ing events in springtime [12,15,16], inorganic nitrogen
fertilizer application [17,18], manure application [19,20] and

incorporation of a legume cover crop [21]. The effect
of tillage system on N,O emissions has been variable,
but it appears that one factor controlling the net bal-
ance in N O emissions between tillage systems is soil
aeration. In a review of studies around the world, there
was no difference in N,O emissions between tillage sys-
tems in well- or medium-aerated soils, but greater N,O
emissions with no tillage (NT) than with conventional
tillage (CT) in poorly aerated soils [22]. Surface accu-
mulation of SOC was likely greater under NT than
under CT in aerated soils, but only slightly greater in
poorly aerated soils. The current interest in measuring
and reporting GHG emissions under a wide diversity of
agricultural systems creates an opportunity to associate
these responses with changes in the stratification ratio
of SOC; depth distribution of SOC and organic matter
fractions simply needs to be measured simultaneously.

In agricultural systems, CH, is primarily derived
from enteric fermentation, paddy rice production and
manure storage. However, CH, can be emitted from
soil under low-oxygen conditions, such as following
manure application [20]. In addition, CH, can be con-
sumed by soil under conditions of high surface SOC [23].
Therefore, surface SOC can help reduce soil emission

of CH,.

Water quality

In agricultural settings, water quality concerns arise
from sediment, nutrient and pesticide runoff from
cropland, and fecal-borne pathogen and nutrient runoff
from pastureland and livestock operations [24]. A funda-
mental linkage between soil and water quality has been
established through the development and adoption of
conservation tillage systems on cropland. Soil and nutri-
ent losses from cropland [25-27] and pastureland [28-30]
can be mitigated with sufficient surface residue cover
and keeping soil undisturbed. Cropland managed with
conservation agricultural systems has led to improved
soil quality [31-34] and a reduced quantity of nutrients in
water runoff [3536]. Significant concern remains when
fertilizers and animal manures are continually applied
to the soil surface, leading to the potential loss of soluble
nutrients (nitrogen and phosphorus), which have the
potential to deteriorate water quality [36-38].

‘Water runoff and soil loss have been related to a num-
ber of surface conditions and soil properties. Several
changes in soil conditions with adoption of conservation
tillage can affect soil and water quality simultaneously.
Surface residue cover reduces surface sealing, allowing
water to infiltrate. Residues also decrease rainfall and
runoff energy so that particle detachment and trans-
port are controlled (Figure 2) [39]. Surface residue cover
is also a key prerequisite towards improving soil quality
under conservation tillage management. Surface soil
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Figure 2. Fraction of rainfall as runoff (dotted line) and soil loss via runoff
(solid line) as a function of surface crop residue mass immediately prior
to rainfall simulation. Based on well-drained silt loam soil in Indiana, USA.
Wheat straw was applied to bare ground. There was 156 mm of rainfall
simulated during 3 days.

Reproduced with permission from [92].

roughness, achieved typically with plowing tools, has
been shown to positively affect infiltration and reduce
water runoff volume and soil loss, at least temporar-
ily (40]. However, continual soil disturbance to create
roughness may eventually reduce soil quality by stimu-
lating mineralization of organic matter. Sufficient sur-
face residue cover and lack of inversion tillage leads to
enhanced surface SOC content, the effect of which can
enhance water-stable aggregation and water infilcration
[41.42]. SOC accumulation also leads to greater potential
soil biological activity, which assists in improving soil
aggregation and creating macropores capable of chan-
neling water quickly from the soil surface to the soil
profile [43].

Some negative aspects of surface SOC accumulation
have been suggested from continuous macropores that
could cause rapid nutrient and pesticide transport to
groundwater [44]. Undisturbed soil with frequent surface
application of fertilizer and manure can also lead to
highly stratified phosphorus distribution in pastures (45},
potentially impairing water quality through dissolved
phosphorus transport in overland flow [46-48]. These
potential detrimental effects of nondisturbance of soil
and repeated nutrient applications to the soil surface
must be evaluated further within a broader ecosystem
context to fully assess their contribution.

Presence of surface residues and high surface SOC are
a natural consequence of long-term conservation agricul-
tural management, but the importance of each to water

runoff control and water quality protection are not easily
separated. On a Typic Argiudoll managed with NT for
15 years in Illinois, USA, removal of surface residue prior
to rainfall simulation reduced water infiltration rate [49].
On a Typic Kanhapludult managed with CT and NT
for 5 years in Georgia, USA, removal of surface residue
reduced infiltration under CT, but had no significant
effect under NT [50]. Relative importance of surface resi-
dues versus surface SOC may be affected by the scale of
investigation, in which contact time of water at the soil
surface may be variably controlled (e.g., ponded infiltra-
tion versus rainfall simulation versus natural rainfall).

Soil quality

The ability of soil to function effectively as a medium
for plant growth, as a regulator of the water cycle and as
a reservoir of biota capable of consuming organic matter
and emitting gases to the atmosphere, is an essential part
of our world. Unfortunately, humans have damaged
many of these essential soil functions with aggressive
land management activities. Food production, food
security and environmental quality (e.g., water quality,
climate change and energy use in food production) are
linked to the concept of soil quality through manage-
ment impacts on various soil functions. Unfortunately,
moderate to severe degradation of soils (i.e., loss of soil
biodiversity, poor soil tilth and unbalanced elemental
composition) has and continues to occur with industri-
alized agricultural production systems. Reports on the
state of agricultural land in America suggest that soil
sediment, nutrients and organic matter have been lost at
rates far exceeding a sustainable level, the result of which
has had enormous direct and indirect consequences on
the profitability, productivity and environmental quality
of agriculture [51-53].

Soil quality is dependent upon intended use; humans
derive many valuable services from soil and their activi-
ties impact how soil affects the rest of the environment.
The use-dependent nature of soil quality is not without
debate [54]. Notwithstanding, soil quality has served as
a scientific tool for land managers to adaptively manage
soil resources for sustainable future use [ss]. Land prac-
titioners have been at the forefront to define and assess
soil quality, primarily because of their concerns for the
health of the environment [56]. Assessment of soil quality
has been integral for the development and evaluation of
sustainable agricultural systems [57.58].

Assessment of soil quality separates static and
dynamic soil properties, because static soil properties
reflect inherent characteristics of a particular site (soil
texture, mineralogy and classification), which are influ-
enced by geologic history and long-term climatic condi-
tions. In addition, topography, hydrology and climate
influence the productivity and environmental quality
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of a site somewhat independent of management. Static
soil properties have been characterized through periodic
samplings with the National Resources Inventory [s9].
Static soil properties provide contextual background
to evaluate how soil management practices might alter
dynamic soil properties.

Soil properties that can change value over relatively
short time periods (e.g., months, years and decades)
are considered dynamic. Since dynamic soil proper-
ties change quickly and dramatically in response to
management, they can indicate whether a farm uses
agronomically and ecologically sustainable practices.

Sustainable cropping systems will improve soil qual-
ity, for example, through diverse crop rotations, minimal
use of tillage for weed control and seedbed preparation,
and addition of organic amendments such as animal
manures, crop residues and compost. Poor management
that causes poor soil quality often occurs by starving
soil biota from low residue production, allowing erosion
from intensive tillage on sloping lands and thwarting
opportunities to biologically control pests through lack
of cropping system diversity.

Soil quality indicators are often divided into three
main classes: chemical, physical and biological. Within
each of these classes, a variety of soil properties or pro-
cesses can be selected to indicate soil functional capa-
bilities. Unfortunately, most commercial soil testing
laboratories do not offer suitable biological and physi-
cal tests to assess the necessary balance of soil quality
indicators. However, minimum datasets for soil quality
have been proposed [60.101].

Developing a small set of indicators that can inte-
grate several of these characteristics simultaneously, or
through multicriteria relationships, and be applicable
across a wide geographic region, would be very valuable
for widespread utilization of soil quality assessment and
ultimately leading to a more targeted and efficient path
towards truly sustainable agricultural systems.

In agriculture, key soil functions characterized by
an indicator should be supplying and cycling nutrients
for optimum plant growth; receiving rainfall and stor-
ing water for root utilization; filtering water passing
through soil to protect groundwater quality; storing
SOC for nutrient accumulation and mitigating GHG
emission; and decomposing organic matter and xeno-
biotics to avoid detrimental exposures to plants and the
environment. Optimizing these soil functions is critical
for achieving a balance between production and envi-
ronmental quality, a necessary step towards sustainable
agricultural systems.

Stratification of soil organic matter
Soil organic matter is one of the key attributes of soil
quality that is vital to many soil functions, because it
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Figure 3. Depth distribution of soil organic carbon in two soils under

native vegetation.

is a source of energy, substrate and biological diversity.
Content of SOC in any particular soil is determined
partly by inherent soil forming factors (i.e., climate,
organisms, relief, parent material and time), as well as by
management, which alters microclimate and organism
influences. For example, Mollisols in temperate climates
have inherently greater SOC than Ultisols in subtropical
climates. Soil organic matter under native vegetation in
these two soil orders would be very different due to the
long-term history and climatic conditions that control
steady-state inputs and outputs of carbon. Similarly,
implementation of the most sustainable agricultural
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Figure 4. Change in stratification ratio of soil organic carbon with time

under different tillage systems in Spain.
Data taken from [62].
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Figure 5. Depth distribution of soil organic carbon under conventional
and no tillage in three different ecoregions. (A) Georgia, USA: 1250 mm
mean annual precipitation; 16.5°C mean annual temperature; 21 Mg ha™
of soil organic carbon. (B) Texas, USA: 980 mm mean annual precipitation;
20°C mean annual temperature; 26 Mg ha™ of soil organic ca rbon.

(C) Alberta/British Columbia, Canada: 450 mm mean annual precipitation;
20°C mean annual temperature; 61 Mg ha™ of soil organic carbon.

* ** and *** indicate significance of difference between pairs of means
within a depth at p < 0.05, p < 0.01 and p < 0.001, respectively.
Reproduced with permission from [61] © Elsevier (2002).

management system on these two different soil orders
would likely result in greater SOC content on a Mollisol
than on an Ultisol, but the incremental or proportional
change might be greater in the Ultisol, depending on
severity of previous degradation. Therefore, the content
of SOC itself would not be a robust quantitative indica-
tor of soil or environmental quality. To be able to use
SOC as a quantitative soil quality indicator, there is a
need to either incorporate individual SOC responses
to management within a classified set of soil and cli-
matic conditions (e.g., different soil quality responses
in Mollisols, Ultisols, Alfisols in the warm-temperate
region, Alfisols in the cool-temperate region, Entisols
in the arid region and Entisols in the humid region) or
develop a normalization protocol so that SOC responses

to management could be compared across a diversity of
soil and climatic conditions.

Depth distribution of SOC is proposed as a robust
indicator of how agricultural management might affect
soil and environmental quality. Depth distribution of
SOC can be normalized across soils and climatic condi-
tions by calculating a ratio; that is, SOC concentration
near the surface (e.g., 0-5-cm depth) divided by SOC
concentration at or below the traditional plow layer
(e.g., 20-30-cm depth) [61]. Since SOC at or below the
traditional plow layer changes very little due to manage-
ment, the concentration of SOC at this depth provides
a signature value for each soil, depending upon its over-
arching and unique climate, texture, landscape position,
aspect and mineralogical factors. How management
changes SOC concentration near the surface relative
to each soil’s signature value can then be calculated as a
key indicator of soil quality (or how management alters
soil function).

Stratification of SOC with depth is common in many
natural ecosystems, managed grasslands and forests,
and conservation-tilled cropland (Figure 3) [62-68]. The
reason why surface SOC is vitally important in natural
(and agricultural) systems is because the soil surface
accepts nutrients and biochemicals (fertilizers and pes-
ticides) from aboveground vegetation and litter into
the soil profile or rejects them as runoff contamina-
tion; receives intense impact of rainfall that can either
allow rapid infiltration with development of permanent
biopores or create surface crusts with disruption of sur-
face aggregates; partitions gas flow into and out of soil;
and creates either an oasis of litter (surface residue)-
covered soil, providing organic substrates and protected
microenvironmental conditions for support of biological
diversity or a barren surface devoid of habitat protection.

With time, agricultural soils can become stratified
with SOC when they remain relatively undisturbed
from tillage (e.g., with conservation tillage and pas-
tures) and when they receive sufficient organic materi-
als supplied to the soil surface (e.g., with cover crops,
sod rotations and diversified cropping systems). The
stratification ratio of SOC (0-2.5 cm/12.5-20 cm)
in an Aquic Hapludult in Maryland, USA, increased
from 1.0 under plow tillage to 1.1 with 1 year of NT,
and to 1.5 with 3 years of NT [69]. On a Typic Paleu-
dalf in Kentucky, USA, the stratification ratio of SOC
increased with time under NT and after 2 years of NT
was always greater than under CT [70]. On a Calcic
Haploxeralf in Spain, the stratification ratio of SOC
(0-5 cm/10-20 cm) increased with time under NT,
but remained stable with time under chisel plow and
moldboard plow (Figure 4). From a survey of farms in
the southeastern USA, the stratification ratio of SOC
(0-5 c¢m/12.5-20 cm) increased from an average of 1.4
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under CT to a plateau of 2.8 within 10 years of adopting
conservation tillage [71]. During pasture development
on a Typic Kanhapludult in Georgia, USA, the strati-
fication ratio of SOC (0—15 cm/15-30 cm) increased
from 2.4 at initiation to 3.0 £ 0.7 at the end of 5 years
to 3.6 + 0.6 at the end of 12 years [72,73].

Typically, SOC under long-term conservation tillage
systems is stratified with depth as a result of crop residues
left at the soil surface, where temperature and moisture
fluctuations limit decomposition and result in accumu-
lation of SOC. Early observations indicated greater dif-
ference in stratification of SOC between tillage systems
in hot—wet—low soil organic matter environments than
in cold—dry-high soil organic matter environments (Fig-
ure 5). Soils with a low inherent level of SOC could,
therefore, be the most functionally improved with con-
servation tillage, despite modest or no change in total
standing stock of SOC within the rooting zone.

Stratification of soil organic matter is not limited to
total SOC, but can also occur with particulate organic,
microbial biomass, and mineralizable carbon and nitro-
gen fractions [61]. The degree of stratification of soil
organic matter fractions with adoption of conservation
agricultural systems will depend upon the inherent level
of SOC dictated by climatic conditions; type and inten-
sity of soil disturbance; type of cropping system that
determines the quantity and quality of organic carbon
inputs; and years of management.

On a Mollic Cryoboralf in Alberta, Canada, the level
of soil microbial biomass nitrogen ata depth of 0-10 cm
was positively correlated with barley and canola yield,
indicating that turnover of labile nitrogen in surface
soil organic matter contributed significantly to crop
yield [74]. On a Fluventic Ustochrept in Texas, USA,
surface-soil nutrients were enhanced following 8 years of
NT compared with CT [75]. In another study in Texas,
greater stratification of soil nutrients under reduced till-
age was associated with significantly greater cotton lint
yield [76].

Since the recent development of this concept [61], a
large number of research reports from other parts of
the world have documented the influence of conserva-
tion agricultural management systems on stratification
of various soil organic matter fractions. Greater strati-
fication ratio of SOC under N'T than under CT has
been reported in Georgia, USA [73], Virginia, USA [77],
Canada (78], Brazil [79], Argentina (80}, China [s1], Italy
(82] and Spain (83-86]. The stratification ratio of addi-
tional soil organic matter fractions has been reported
for various other agricultural management compari-
sons in Georgia, USA [87], Canada (8], China [89] and
Spain [90]. These studies provide further evidence to
support the concept of stratification of SOC as an
indicator of environmental quality. As a result of this

vertical redistribution of SOC, a linkage to soil quality
(i.e., nutrient cycling [73-76], surface aggregation and
hydrologic function [78,89.90], organic matter decompo-
sition [77,79-81,83-88] and soil biological activity/diver-
sity [73.82,83.86]) of the entire soil profile can be firmly
established.

However, there is still a large need for rigorous sci-
entifically established relationships in different agro-
ecological regions to further validate the use of the
SOC stratification ratio as a simple, robust indicator
of environmental quality. The stratification ratio of
SOC was highly related to rate of water infiltration
and macroaggregation of surface soil in a Typic Kan-
hapludult in Georgia, USA [91]. Although many water
runoff and nutrient transport studies have been con-
ducted throughout the USA, a lack of detailed SOC
characterization by depth has occurred [92], which
limits robust quantitative validation despite intuitive
qualitative association. From limited data available at
two sites in Mississippi and Ohio, USA, the stratifica-
tion ratio of SOC (0-3 cm/7.6-15.2 cm) was strongly
inversely related to soil loss during rainfall simulation
experiments (Figure 6).

It is not entirely clear whether some fractions of
organic matter might be more sensitive to changes
brought about by agricultural management systems
than others. Active fractions of organic matter may be
too sensitive, but total SOC and nitrogen may be too
general to reflect the broad diversity of environmental
responses (i.e., air, water and soil quality). Particulate
organic carbon and nitrogen may be fractions that are
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Figure 6. Relationship of soil loss to stratification of soil organic carbon.

r=-0.96.
Data taken from [26).
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Figure 7. Mean depth distribution of soil organic carbon from Ultisols in
Georgia, USA, as affected by land use.

SOC: Soil organic carbon.

Data taken from [95].

stable enough, yet highly responsive to minor differences
in management practices, especially regarding tillage
type and frequency, residue management, annual crop-
ping versus perennial cropping, cover cropping, animal
manure management, alley cropping and so on. Fur-
ther research on stratification of different organic mat-
ter fractions related to production and environmental
performance is needed.

A remaining issue in the development of the strati-
fication ratio of SOC as an indicator of environmental
quality is determining the sensitivity of various depth
increments and selecting an optimum set of depth incre-
ments for predicting environmental quality responses.
Using multiple sampling depths from a diverse soil sur-

vey report in Georgia, USA, depth distribution of SOC

could be described with a mathematical expression of
the form [93]:

SOC=a+beexp(-c*D)

Equation 1
Where SOC is an output value (g kg), « is a derived
constant representing the minimum concentration of
SOC deep in the profile (g kg'), & is a derived constant
representing the peak SOC concentration from accu-
mulation nearer the soil surface (g kg?), ¢ is a derived
constant representing a decay coefficient controlling the
magnitude of decline in SOC concentration with depth
(cm™), and D is an input parameter representing the
midpoint of a sampling increment (depth [cm]). Using
this mathematical description, SOC (or any other mea-
sured soil organic matter fraction) can be calculated at
any formulated optimum depth and subsequently used
in a calculation of the stratification ratio.

Mean SOC distribution from multiple profiles of the
Southern Piedmont region land use systems is shown in
Figure 7. Although definitive depths have not been recom-
mended for calculating the stratification ratio, it is clear
that the numerator should be focused within the surface
10 cm and the denominator should be focused within
some reasonable subsurface layer within 10-50 cm depth.
The subsurface depth of choice may be determined by
historical management and actual availability of data,
but typically would be near the bottom of the traditional
plow layer (e.g., 20-40-cm depth). Using the dataset
from Figure 7 as an example, the stratification ratio cal-
culated from SOC concentration at 2.5 cm (midpoint of
0-5 cm sampling) divided by that at 30 cm (midpoint of
20-40 cm sampling) was 4.8, 6.3 and 9.2 under cropland,
forestland and pastureland, respectively. Although these
data were not statistically comparable due to the nature of
their derivation, a reasonable least significant difference
of 1.5 can be projected onto these comparisons from pre-
vious work [91]. Greater ratio with undisturbed soil under
forestland and pastureland was expected. When using
SOC concentration at 5 cm divided by thatat 30 cm, the
stratification ratio was 4.1, 5.2 and 7.2 under cropland,
forestland and pastureland, respectively, suggesting that
statistical differences only occurred between pastureland
and other land uses. When using SOC concentration at
10 cm divided by that at 30 cm, the stratification ratio
was 3.1, 3.6 and 4.4 under cropland, forestland and pas-
tureland, respectively. When using SOC concentration at
15 cm divided by that at 100 cm, the stratification ratio
was 9.7, 7.0 and 5.3 under cropland, forestland and pas-
tureland, respectively. Clearly the land use trend on strat-
ification became contrary to that nearer the surface when
probing too deep into the profile and, therefore, too deep
samplings are not needed and should be avoided when
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interpreting the effect of management on the stratifica-
tion ratio. Management will affect the surface 10-30 cm
of soil most dramatically in the short term and, therefore,
focus on studies with contrasting management duration
<50 years should be on the surface approximately 30 cm.

Equation 1 allows for calculation of the stratification
ratio at any point along a continuum of soil profile data,
assuming that a representative distribution of SOC con-
centration has been sampled; for example, from greater
than three sampling points within the surface 40 cm and
more points if sampled to deeper depths. The alternative
calculation method is to simply use a standardized set of
sampling depths, for example, 0-5 or 0-10 cm for sur-
face samples and 12.5-20, 15-30, 20-30 or 30—40 cm
for subsurface samples. Calculations of SOC based on
sampling of 0-10 c¢m divided by 20-30 cm resulted in
a stratification ratio of 3.0, 3.8 and 5.3 for cropland,
forestland and pastureland, respectively (93], with least
significant difference of 1.9.

One soil order and drainage condition that had SOC
concentration data not fitting the typical depth distribu-
tion function well was Spodosol in the Flatwoods major
land resource region of the Atlantic Coast of Georgia,
USA (Figure 8). Depletion of SOC in the eluviated upper
soil layer and deposition in the subsequent illuviated
lower layer caused this nonconformance. However, all
other soil orders (Alfisols, Entisols, Inceptisols, Molli-
sols and Ultisols) produced very reasonable associations
(r* > 0.9) [93]. Thus, although the stratification ratio may
not be universally applicable, there are a large number
of soils that the relationship shows excellent potential to
monitor the progress of soil condition with improved
surface soil management.

Building ecosystem resilience with stratified soil
organic matter

Change in SOC is an important indicator of land use
sustainability — declining SOC leads to poor plant
performance, loss of soil through erosion, and the ever
increasing need for external inputs to subsidize the lack
of nutrients, soil biotic diversity and poor soil condition
for root development. Land with aggrading SOC leads
to robust plant production, opportunities to resist natu-
ral degradative forces and limit the return of plant-fixed
carbon back to the atmosphere. A review of the many
positive benefits of SOC content on various attributes
of soil, plant production and environmental quality was
described in Franzluebbers [38]. Although the stock of
SOC may be more important to storage of nutrients and
retention of water, it appears that stratification of SOC
may be more important for developing a stable surface
structure to resist loss of soil and nutrients in runoff and
accumulate a robust surface habitat that encourages effi-
cient nutrient cycling and strong microbial linkages with

-150 Longleaf pine, palmetto, gallberry, oak and wiregrass
W Slash, longleaf pine, wax myrtle, gallberry and palmetto
A Slash pine, gallberry, broomsedge and wiregrass

Soil depth (cm)
o

150 Longleaf pine, palmetto, huckleberry, oak and wiregrass
B Mixed pines, hardwood, wax myrtle and gallberry
A Pines, palmetto and gallberry

Soil organic carbon (g kg™)

T
0 10 20 30

Figure 8. Depth distribution of soil organic carbon from Spodosols in
Georgia, USA, as affected by drainage class. (A) Three somewhat poorly
drained profiles: Ridgeland (sandy, siliceous, thermic Oxyaquic Alorthods).
(B) Three poorly drained profiles: Leon (sandy, siliceous, thermic Aeric
Alaquods). Soils in (A) are better drained than soils in (B). (A) and (B) are
differentiated by soil drainage class, resulting in two different responses:
typical stratified distribution for better aerated soils and atypical SOC
distribution of varying concentration for poorly aerated soils.

Data taken from [95].

underlying roots. As an example, soil from two sides of
a roadway (Typic Kanhapludults) that had been man-
aged consistently different for 25 years (one containing
9.4 Mg C ha! and the other containing 18.9 Mg C ha™')
were uniformly mixed and tested repeatedly for water
infiltration [(91). The time required for 2.8 cm of water to
infiltrate averaged 7.3 min for the high-carbon soil man-
aged under NT and 10.2 min for the low-carbon soil
managed under CT. However, if the soils were left intact
(stratification ratio of 0—3 cm/6-12 cm of 1.4 for the
low-carbon soil and 5.7 for the high-carbon soil), time
required for infiltration was 3.4 min for the high-carbon
soil and 12.9 min for the low-carbon soil. The positive
effect of SOC was essentially doubled when SOC was
stratified than when uniformly distributed.
Interestingly, the stratification ratio of SOC may also
be highly predictive of the stock of SOC, at least in
some regions. From a land use survey in the southeast-
ern USA (70}, the stock of SOC to a depth of 20 cm was

related in a nonlinear manner with the stratification
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ratio (0-5 cm/12.5-20 cm) of SOC [94]. In the dataset
of 267 soil profiles from Ultisols collected from 1954 to
1986 throughout Georgia, USA [95], the stratification
ratio of SOC was not well related to SOC content at
0-30, 0-60, 0-100 or 0-200-cm depths. One reason
for the lack of congruency in this dataset may have been
the focus on subsurface profile conditions rather than
near-surface conditions. The midpoint of the upper
soil layer sampled was at a depth of 9 + 3 cm, which
indicated that adequate characterization of the surface
soil condition may have been missed. The dataset did
have 6 + 1 depths sampled throughout the profile and
the deepest sample had a midpoint of 140 + 37 cm. In
other soils in cold wet climates, stock of SOC may not
change with conversion from CT to NT [96-98]. Soil may
become stratified with N'T in this climate, but measur-
able stock of SOC may not change due to a variety

of mechanisms, including sequestration of carbon in
unsaturated clayey subsoil and cold conditions that limit
decomposition of disturbed soil. Under such conditions
without change in stock of SOC, soil functioning may
still be increased with stratified SOC, particularly con-
sidering high surface residue and SOC in protecting
against erosion and water runoff, improving aggregation
and providing biological habitat.

Perhaps the strongest evidence for improved eco-
system function from concentrated SOC at the soil
surface comes from soil erosion control and water and
nutrient runoff abatement. However, the sequestration
of SOC associated with stratified SOC provides good
evidence of its effect on controlling GHG emissions.
Further work is needed to quantify relationships with
N,O and CH, more specifically under a variety of
conditions. Concentrated SOC at the surface may also

Executive summary

Background

= Striking a balance between food/fiber/feed production and conservation of natural resources is needed to achieve long-term sustainability
in agricultural systems.
= Itis posited that soil organic carbon (SOC) - not simply its content, but its depth distribution in the soil profile — can be used as a key
indicator of environmental quality in agricultural systems.

Balance between production & environmental quality

= Achieving a balance between agricultural production and conservation of natural resources is a necessary goal to achieve sustainability in
agricultural systems.

= Development and widespread utilization of a few environmental quality indicators would help moderate extreme fluctuations between
production and environmental foci, ultimately leading to a more targeted and efficient path towards truly sustainable agricultural systems.

GHG emissions

= Agricultural GHG emissions (CO,, CH, and N,0) is a topic of much current research, which is deservedly occurring due to the relatively
unknown quantitative role that various agricultural management systems are exerting on these important gases that can influence direct
and indirect components of climate change.

Water quality

= Afundamental linkage between soil and water quality has been established through the development and adoption of conservation
tillage systems on cropland.

= Presence of surface residues and high surface SOC are a natural consequence of long-term conservation agricultural management, but the
importance of each to water runoff control and water quality protection are not easily separated.

Soil quality

= Developing a small set of indicators that can integrate several of these characteristics simultaneously or through multicriteria relationships,
and be applicable across a wide geographic region, would be very valuable for widespread utilization of soil quality assessment and
ultimately leading to a more targeted and efficient path towards truly sustainable agricultural systems.

Stratification of SOC

= Content of SOC in any particular soil is determined partly by inherent soil forming factors (i.e., climate, organisms, relief, parent material
and time), as well as by management, which alters microclimate and organism influences.

= With time, agricultural soils can become stratified with SOC when they remain relatively undisturbed from tillage (e.g., with conservation
tillage and pastures) and when they receive sufficient organic materials supplied to the soil surface (e.g., with cover crops, sod rotations
and diversified cropping systems).

= Aremaining issue in the development of stratification ratio of SOC as an indicator of environmental quality is determining the sensitivity of
various depth increments and selecting an optimum set of depth increments for predicting environmental quality responses.

Building ecosystem resilience with stratified soil organic matter

= Change in SOC is an important indicator of land use sustainability — declining SOC leads to poor plant performance, loss of soil through
erosion and the ever increasing need for external inputs to subsidize the lack of nutrients, soil biotic diversity and poor soil condition for
root development.

= There are several unique opportunities with the diversity of long-term experiments around the world to explore potential relationships
among production and environmental responses with stratification ratio of soil organic matter fractions.
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limit mobility of unwanted heavy metals from solid
waste applications to agricultural soil. In two soils in
Germany, copper and zinc were in greater concentra-
tion near the surface with NT management, a result
highly reflective of that of SOC [99]. It was postulated
that availability of these metals would be limited by
high SOC concentration, effectively reducing mobil-
ity despite occurrence at the surface and susceptible to
overland flow characteristics.

Large, statistically significant differences in produc-
tion and environmental quality responses from similar
soils managed differently are only realistically derived
from long-term experiments. There are hundreds of
long-term soil experiments that have been established,
although some have not been able to continue due to
funding restrictions, personnel turnover and so on [102].
Relatively few have a complete catalogue of continuous
production and environmental responses within and
among years, and even fewer have collected detailed
soil profile measurements. However, there are several
unique opportunities with the diversity of long-term
experiments around the world to explore potential
relationships among production and environmental
responses with the stratification ratio of soil organic
matter fractions. This research needs to be explored.

Future perspective
Although the enormous complexities of social, environ-
mental and biophysical factors affecting agriculture are

Perspective

appreciated, the stratification ratio of SOC could be
used as a relatively simple, robust indicator of environ-
mental quality. By calculating and utilizing the strati-
fication ratio of SOC, a more balanced approach to
production and environmental quality of agricultural
systems can be expected to be delivered to stakeholders.
Producers, agricultural consultants and scientists will
appreciate a simple, robust environmental quality indi-
cator that can help evaluate the diversity of conservation
agricultural management approaches unique to a locale
for the development of truly sustainable agricultural
systems.
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