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Abstract

Physical fractions of soil organic matter (SOM) are established indicators of management-induced change and have been
used to estimate the soil carbon storage capacity and storage potential. Here, we use SOM physical fractions and soil textures
to identify management practices that maintain or enhance soil health and carbon storage in agricultural soils in Ontario.
Metadata from the National Soil Database were used to estimate carbon storage potentials and calculate carbon deficits. A map
was created showing carbon deficits in Ontario’s agricultural soils and indicates that these soils have the potential to store an
additional 0 to 2kgm™2 in the top 20 cm of the soil. Tillage system generally had no effect on the size of the carbon deficit
at four long-term agricultural experiments (Delhi, Elora, Ottawa, and Ridgetown). There was only a significant tillage effect at
Ridgetown and only in the maize-soybean crop rotation, where the carbon deficit was 2.95 g C kg soil~! under conventional
tillage compared to 8.97 g C kg soil~! with no tillage. A statistically significant effect of crop rotation was detected in Elora and
Ridgetown. In Elora, continuous alfalfa had the smallest carbon deficit (7.25 g Ckg soil~!) and maize-soybean rotation had the
largest deficit (12.07 g Ckgsoil~!). In Ridgetown, the maize-soybean rotation had the smallest carbon deficit (2.95 g Ckgsoil~1).
Regression analysis showed a weak negative relationship (R>=0.11; P <0.001) between carbon storage deficits and soil health
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scores. This suggests that increasing SOM levels alone may not improve soil health.
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Introduction

Soil organic matter (SOM) is an important variable in de-
termining soil fertility and productivity. When native soil is
converted to agricultural land, about 24% of SOM is lost in
the decades following land conversion (VandenBygaart et al.
2003). These losses are attributable to a shift in the balance
of inputs of organic matter relative to outputs from decom-
position, leaching, and crop removal. Identifying agricultural
management practices that minimize loss, or even enhance
SOM stores, is crucial for the sustainable management of soils
and food production systems, and even more so in a changing
climate (Amelung et al. 2020).

SOM regulates critical soil functions, such as nutrient cy-
cling, and shapes a soil’s physical, chemical, and biological
properties (Carter 2002). Integrating soil’s physical, chemi-
cal, and biological properties into a single metric or score to
describe a soil’s health is becoming increasingly common to
evaluate management practices (Van Eerd et al. 2021). Soil
health is defined by Doran et al. (1996) as the capacity of a
soil to function within ecosystems and land-use boundaries
to sustain biological productivity, environmental quality, and
plant and animal health. Though soil health is inherently a
metaphor (Janzen et al. 2021), soil health scores track and

integrate management-induced changes in soil properties
linked to soil functions and ecosystem services (Blinemann et
al. 2018). One key attribute of soil health is SOM (e.g., Seybold
et al. 1997), and its measurement is included in many of the
commercially available soil health tests, such as the Cornell
Soil Health Assessment (Idowu et al. 2008). Though measure-
ment of SOM is straightforward, it can be difficult to assess
its status and response to management practices because of
the large spatial variability in its distribution (Gregorich et
al. 1994).

Organic matter levels in the soil are ultimately determined
by environmental factors, such as climate, and inherent soil
properties, such as texture. However, land management prac-
tices, such as tillage and crop rotation, can alter the amount
of SOM stored in the soil by altering the balance of inputs
(i.e., quantity and quality of organic matter added to the soil)
and outputs (i.e., rate of decomposition of organic matter and
leaching) to the system. A change in SOM that occurs in re-
sponse to management practices is small relative to the large
background pool of organic matter in the soil, which makes it
difficult to quantify (e.g., Entry et al. 1996; Nelson et al. 2009).
Detecting change in SOM in response to management may be
enhanced by measuring attributes of SOM that are responsive
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to changes in the rate of inputs or outputs of organic matter,
such as particulate organic matter (e.g., Gosling et al. 2013).
In addition to being a primary attribute of soil health,
SOM is also the largest global terrestrial reservoir of or-
ganic carbon (Powlson 2005), and changes in SOM stores have
the potential to alter CO, concentrations in the atmosphere
(Amelung et al. 2020). Agricultural soils have been identified
as having a high carbon storage potential due to the depletion
of soil organic carbon (SOC) stocks associated with cultivation
and conversion to agricultural production (Lal 2004; Smith
2004). Developing land management strategies to increase or-
ganic carbon stores in agricultural soils depends on under-
standing the key factors that affect SOC stabilization and the
capacity of individual soils to stabilize additional SOC.
Hassink (1997) defined the protective capacity of a soil as
the maximum amount of soil carbon that can be associated
with the clay and fine silt size fractions (<20 pm). Using soils
with a wide range of mass proportions of fine soil particles in
bulk soil, Hassink (1997) used the mass proportion of fine soil
particles in bulk soil to predict the maximal organic carbon
content associated with fine soil particles (i.e., the protective
capacity) using a least-squares linear regression model:

Protective capacity (mgCg~" soil)
= 0.37 (soil particles < 20 wm inbulksoil (%)) + 4.09

The difference between the protective capacity of the fine
fraction and the measured carbon content of this fraction
corresponds to the carbon saturation deficit or the carbon
storage potential.

Hassink’s approach has been used in many studies to exam-
ine carbon saturation in agricultural soils (e.g., Six et al. 2002;
Carter et al. 2003; Sparrow et al. 2006; Chung et al. 2008;
Angers et al. 2011; Feng et al. 2013; Wiesmeier et al. 2014;
Beare et al. 2014; Chen et al. 2018). Though this approach
has been widely applied, Paterson et al. (2021) reported more
robust estimates of stabilized SOC using a quantile regres-
sion approach rather than Hassink’s linear regression ap-
proach, and Zhang et al. (2021) concluded that a boundary
line analysis approach was more appropriate than linear re-
gression. Approaches aside, most studies report larger carbon
saturation deficits (i.e., the difference between measured car-
bon and saturated levels) in agricultural systems compared
to forests and grasslands (Six et al. 2002; Carter et al. 2003;
Chung et al. 2008; Angers et al. 2011; Feng et al. 2013; Chen
et al. 2018). The large organic carbon saturation deficit in
agricultural soils suggests that agricultural soils are poten-
tially important carbon sinks that could be exploited with
proper land use and management practices (Feng et al. 2013;
Wiesmeier et al. 2014).

Inherent in the protective capacity is the effect of texture.
Carter et al. (2003), in a study of soils collected from 14 agri-
cultural experimental sites in eastern Canada, reported that
for soils having silt plus clay contents less than 40%, the
carbon associated with the silt and clay particles was near
the carbon protective capacity. For soils with clay plus silt
contents greater than 60%, the C associated with the fine
fraction was 67% of capacity levels. Gregorich et al. (2009)

showed that the saturation of the C capacity in the coarse-
textured agricultural soils of eastern Canada ranged from
71%-80%, whereas the fine-textured soils there ranged from
59%—-62%. Together, these studies indicate that fine-textured
agricultural soils may have the greatest potential to sequester
additional carbon with proper land use management.

Detecting changes in SOC stores associated with manage-
ment is enhanced by examining treatment effects in long-
term agricultural experiments (Williams et al. 2016; Liptzin
et al. 2022). It can take decades for system processes to reach
equilibrium following a change in management and long-
term experiments with consistent management, allowing us
to detect change and attribute it to a cause with greater cer-
tainty (Six et al. 2004a, 2004b; Amelung et al. 2020). For ex-
ample, West and Post (2002) and Alvarez (2005) reported that
SOC under no-till management practices reach a steady state
after 25-30 years.

In Ontario, Jarecki et al. (2018) reported that long-term ro-
tations of maize (Zea mays L.) that include perennial alfalfa
(Medicago sativa L.), winter wheat (Triticum aesitvum L.), or red
clover (Trifolium pratense L.) had higher crop yields and in-
creased SOC compared to simple rotations. Rotations that in-
clude winter wheat and alfalfa combined with no tillage in
some areas have also been found to increase soil health scores
in long-term studies in Ontario (Congreves et al. 2015). Sim-
ilar findings were also reported by Chahal et al. (2021), who
found that diverse crop rotations increased soil health indi-
cators. Modelling under future climate scenarios, Jarecki et
al. (2018) indicated that diverse crop rotations had lower wa-
ter stress than simple rotations. Collectively, these findings
suggest that higher soil health scores and higher SOC levels
may contribute to more resilient agroecosystems.

The goals of this study were to identify management prac-
tices that maintain or enhance soil health scores and soil car-
bon and to identify agricultural soils in Ontario that can fur-
ther accumulate soil carbon and thereby enhance soil health
scores. To do this, we (i) define the carbon protective (stor-
age) capacity of soils in long-term agricultural experiments
with ongoing studies on soil health and evaluate the carbon
storage potential of agricultural soils in Ontario and (ii) use
empirical models to relate soil health scores calculated in
Congreves et al. (2015) and soil carbon storage potentials cal-
culated in the current study.

Materials and methods

Site descriptions and soil collection

Soil samples were collected from four long-term experi-
ments (Table 1) in the spring of 2009 in Elora, spring of 2010
for Delhi and Ottawa (Congreves et al. 2014), and spring of
2016 in Ridgetown, resulting in sampling at 29, 22, 18, and 21
years after establishment. All experiments are fully phased.
Approximately, 30 soil cores (3.5cm diameter) were taken
from each plot at 0-15 cm depth for a complementary study
on soil health. These samples were homogenized, air dried,
and sieved to 2mm, and a representative archived sample
was used in this study. Total organic carbon concentrations
in these soils are provided in Table S1.
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Table 2. Summary of P values from ANOVA showing effects of tillage system and crop rotation on soil carbon saturation deficits
at four long-term agricultural experiments in Ontario.

Site Tillage system Crop rotation Tillage system x Crop rotation
Delhi 0.060 0.823 0.245
Elora 0.875 0.021 0.624
Ottawa 0.336 0.115 0.650
Ridgetown 0.604 0.130 0.004

Table 3. Soil carbon saturation deficits at four long-term agricultural experiments in Ontario. Mean values (£standard devi-
ations) followed by different letters are significantly different at the o =0.05 level of significance based on Tukey’s LSD test.
Upper case letters denote differences in crop rotations, while lower case letters denote differences in tillage systems.

Conventional Mean of rotation
Site Crop rotation treatment™* No tillage tillage Mean of tillage systems™* treatments™*
Carbon saturation deficit (g C kg soil 1)
Delhi M-M 7.77 (0.73) 8.62 (1.11) — —
S-Ww 8.03 (0.52) 8.23 (0.54) — —
8.61(0.79)
Elora M-M-M-M 9.98 (2.17) 10.97 (2.67) 10.48 (2.31)AB —
A-A-A-A 7.60 (1.25) 6.89 (3.68) 7.25 (2.57)A —
M-M-A-A 10.01 (2.51) 7.57 (4.14) 8.79 (3.42)AB —
M-M-S-S 11.98 (2.48) 12.15 (2.59) 12.07 (2.35)B —
M-M-S-WW 9.60 (2.23) 10.64 (2.56) 10.12 (2.29)AB —
M-M-S-WW(rc) 9.40 (2.83) 10.66 (2.26) 10.03 (2.46)AB —
Ottawa M-M-M 5.96 (1.28) 4.99 (1.84) — —
S-S-S 4.87 (3.20) 5.32 (2.31) — —
WW-WW-WW 3.04 (3.24) 3.43 (1.54) — —
M-S-WW 3.20 (2.81) 3.65 (3.65) - -
3.31(3.93)

Ridgetown M-M-M 5.35 (0.55) 7.02 (2.14)AB — —
S-S-S 8.13 (0.25) 7.90 (3.36)A — —
M-S-M 8.97 (1.55)a 2.95 (2.53)bB — —
S-WW-S 5.44 (2.62) 6.00 (1.54)AB - —
M-S-WW 7.11 (1.76) 7.93 (2.48)A — —

*M, maize; S, soybean; WW, winterwheat; A, alfalfa; rc, red clover.

**The mean soil carbon saturation deficit if there was no significant effect of tillage and (or) rotation at a site.

of the first four eigenvectors for each soil attribute. The four
components were selected based on the inflection point from
Scree plot and Kaiser’s Rule (eigenvalues > 1). The score (%) is
the sum of each CSHA score for each soil attribute and the %
of sand, silt, and clay multiplied by the weighing factor, di-
vided by the sum of the weighting factors. Carbon concentra-
tions and deficits in this study were calculated using archived
sub-samples of the soils used to determine the OSHA scores
by Congreves et al. (2015).

Mapping

A map illustrating carbon storage potentials in the top
20cm of Ontario’s agricultural soils was produced using
metadata from the National Soil Database and ArcMap 10.4.1
(ESRI). Metadata from the National Soil Database were first fil-
tered based on land classification (agricultural land) and then
by soil depth (<20 cm). Carbon saturation was calculated us-
ing the combined proportions of silt and clay for each soil
polygon following the original approach of Hassink (1997).

Hassink (1997) defined the protective capacity of a soil as the
maximum amount of soil carbon that can be associated with
the clay and fine silt size fractions (<20 pm). He used the mass
proportion of fine soil particles in bulk soil to predict the
maximal organic carbon content associated with fine soil par-
ticles (i.e., the protective capacity) using a least-squares linear
regression model:

Protective capacity (mg Cg ™" soil)
= 0.37 (soil particles < 20 pmin bulk soil (%)) + 4.09

Because the carbon concentrations for the fine fraction
were not available in the database, we calculated carbon sat-
uration deficits (Cger) following Angers et al. (2011) as the dif-
ference between the protective capacity and stable total or-
ganic carbon. Using this approach, we estimated that 85%
of total SOC is stable, which is in agreement with a litera-
ture review by Gregorich et al. (2006) based on 434 particle-
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Fig. 1. Relationship between soil organic carbon concen-
tration and Ontario Soil Health Assessment (OSHA) scores
(Congreves et al. 2015) in long-term agricultural experiments
in Ontario (Delhi, Elora, Ottawa, and Ridgetown).

80

y=0.85x+30.20
704 R>=0.62, P<0.001 °

60 -

50

OSHA Score

40 -

30 4

20 T T T T
0 10 20 30 40 50

Soil Organic Carbon Concentration (g C kg soil™)

Fig. 2. Relationship between the soil organic carbon (SOC)
saturation deficit and OSHA scores (Congreves et al. 2015)
based on four long-term agricultural experiments in Ontario.
Negative values indicate that the soils are saturated with or-
ganic carbon, while positive values indicate that soils are un-
dersaturated with organic carbon (deficit).
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size analyses. Carbon storage potential (Csq) was calculated
as Cseq =Caer x BD x T x 1072, where Cseq 1s the storage poten-
tial (kgm™2), Cger is the C saturation deficit (mgg~'), BD is
the bulk density (gcm™2), and T is the soil thickness (20 cm).
Carbon storage potentials were grouped into 1 kg m~2 bins to
create the map.

Results and discussion

Carbon saturation deficits were evident in all tillage and
crop rotation systems in the long-term agricultural experi-
ments included in this study (Tables 2 and 3). Deficits were
smallest in the Ottawa soils (3.31 g Ckgsoil~?!) and largest in

‘Canadian Science Publishing

soils in Elora (12.07 g Ckgsoil~!). There was only a signifi-
cant effect of tillage system on carbon saturation deficits in
Ridgetown and only under the maize-soybean crop rotation
(Tables 2 and 3), where the deficit was 2.95 g C kgsoil~! with
conventional tillage and 8.97gCkgsoil~! with no tillage.
These deficits are also consistent with estimates using
the boundary line approach described by VandenBygaart
(2016).

A significant effect of crop rotation was detected in Elora
and Ridgetown but only under conventional tillage in the lat-
ter (Tables 2 and 3). In Elora, the crop rotation of continuous
alfalfa had the smallest deficit, followed by maize in rotation
with alfalfa. Maize in rotation with soybean had the largest
deficit at this site. Growing alfalfa continuously has been
shown to increase both aboveground and belowground C in-
puts, which contribute to an accumulation of SOC compared
to more diverse rotations (Li et al. 2019; King et al. 2019). Al-
falfa, either as a monoculture or as part of a rotation, has
also been shown to promote aggregate mean weight diameter
(King et al. 2019). Meyer-Aurich et al. (2006) reported higher
carbon storage in crop rotations of maize and alfalfa in Elora;
the lowest soil carbon levels were in the soybean-maize ro-
tation, which is consistent with our findings and those pre-
viously reported (Chahal et al. 2021). In Ridgetown, rotations
of continuous soybean and soybean in rotation with maize
and winter wheat had significantly larger deficits compared
to the other crop rotation systems under conventional tillage.
Maize in rotation with soybean had the smallest deficit of
any rotation under conventional tillage and the largest deficit
of any rotation under no tillage. This may be attributable to
higher yields and rates of residue return under conventional
tillage, but the yield data across tillage systems did not differ
(Janovicek et al. 2021; Gaudin et al. 2015b). There was no ef-
fect of crop rotation in Delhi or Ottawa, which may be related
to soil texture; i.e., both Delhi and Ottawa have coarser tex-
tured soils and a climate that promotes more rapid cycling
of organic matter inputs (Congreves et al. 2014), which may
negate a rotation effect.

While the small carbon deficits in perennial systems (i.e.,
alfalfa and alfalfa rotated with maize) were expected (Jarecki
et al. 2018; King and Blech 2018; King et al. 2019), we an-
ticipated that diverse crop rotations would have the small-
est carbon deficits (Drinkwater et al. 1998; West and Post
2002; Congreves et al. 2014). Rotating crops is known to re-
duce insect and disease pressure, helping to increase yields,
which leads to greater residue biomass and soil carbon input
(Drury and Tan 1995). Additionally, the difference in residue
types may contribute to the accumulation of SOC based on
chemical characteristics and other mechanisms. The general
lack of annual crop rotation effect was consistent in a North
American-wide assessment of SOM (Liptzin et al. 2022; Rieke
et al. 2022). We suggest that the quantity of carbon inputs
(i.e., higher inputs with maize) and the duration of carbon
inputs (i.e., continuous living plants, alfalfa) are more im-
portant than the number of crop species rotated. The role of
perennialization on SOC and soil health indicators has been
well documented in Elora (Gaudin et al. 2015a; Jarecki et al.
2018; King et al. 2019; Chahal et al. 2021). However, it is not
known whether carbon gains are due to the perennial nature
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Fig. 3. Map of carbon storage potential of agricultural soils (0-20 cm) in Ontario. Negative values indicate that the soils are
saturated with organic carbon, while positive values indicate a deficit and the potential to store additional soil organic carbon.
Bins from —4 to —6 and —7 to —10 are not shown because there were no data in those bins. White areas have insufficient soil

data to estimate the carbon storage potential.
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of alfalfa or due to the influence of legumes on tightening of
carbon and nitrogen cycles (Drinkwater et al. 1998).
Congreves et al. (2015) demonstrated significant tillage sys-
tem and crop rotation effects on soil health at these sites.
Soils with no-tillage management in Ridgetown, Delhi, and
Elora had higher OSHA scores, and there was no effect of
tillage system in Ottawa. In Ridgetown and Elora, the low-
est OSHA scores were reported in crop rotations of continu-
ous maize and maize in rotation with soybean, while crop
rotations containing alfalfa or winter wheat had the high-
est scores. We observed a significant positive relationship be-
tween SOC concentrations and OSHA scores (Fig. 1), consis-
tent with the role that SOM plays in influencing soil prop-
erties and the observation that SOM is typically around 50%
carbon. But the relationship was only moderate (R =0.62;
Fig. 1), which was not what we anticipated, and suggests that
other environmental factors play a significant role. Further,
we observed a very weak (R>=0.11; Fig.2), but significant
(P < 0.001), negative relationship between carbon deficits and
OSHA scores. The negative relationship is consistent with
our expectations that soils with smaller deficits would have
higher scores, while soils with larger deficits would have
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lower scores, but clearly the potential to store additional
carbon explains very little of the variation in the OSHA scores
in this study. The weak relationship suggests that simply in-
creasing SOM stores may not necessarily translate into im-
provements in soil health scores and that other factors, such
as the biochemical composition of SOM (e.g., Gillespie et al.
2014; Diochon et al. 2015) and (or) or inherent site factors,
play an important and more significant role in determining
soil health.

The majority of agricultural soils in Ontario have the po-
tential to store 0-2 kg m~2 of additional carbon (Fig. 3). Given
a conservative estimate of 5.4 million ha of agricultural land
in Ontario (Statistics Canada 2010), and assuming full poten-
tial of soil to store carbon, this could amount to a reduction of
108 million Mg of atmospheric C. Sequestering carbon in the
soil has the potential to reduce atmospheric concentrations
of CO, and enhance soil health, though as previously men-
tioned, the effects on soil health may be less pronounced.

SOM is a key attribute of soil health and also defines the
amount of carbon stored in the soil. Historically, agricul-
tural practices have resulted in decreases in the stores of
SOM. Declines in SOM may have compromised soil health and
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released significant quantities of CO, to the atmosphere be-
cause of increased rates of decomposition associated with
conventional tillage systems and reduced return of inputs to
the soil from harvesting biomass. Identifying management
practices that maintain and enhance SOM will consequently
improve soil health and sequester carbon in the soil, result-
ing in a win-win for the agricultural sector. Maximizing those
gains by identifying soils that have the greatest potential to
store carbon enhances the benefits (Amelung et al. 2020).
Healthy soils are productive soils, and storing additional car-
bon could potentially lead to reductions of CO; in the atmo-
sphere.

Conclusion

Our findings indicate that the majority of agricultural soils
in Ontario are capable of storing more carbon and have a car-
bon deficit of up to 2kgm™2. There was generally no effect
of tillage system on the size of the carbon deficit in the soils
included in this study. The effects of crop rotation on carbon
deficits were less clear. The relationship between SOC concen-
trations and OSHA scores demonstrates the significant role
and effect that SOC has in influencing the soil’s biological,
chemical, and physical properties. Although the quantity of
SOM plays a key role in determining soil health, the inverse
relationship between the potential for sequestering carbon
in the soil and soil health scores was weak, albeit statistically
significant. This highlights the complexity and dynamic na-
ture of soil and indicates that there may be a limit on the
extent to which soil health may be improved with increases
in SOM alone. Other factors, such as the quality or biochemi-
cal composition of the SOM and soil mineralogy, may also be
important in determining the extent to which soil health can
be improved.
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