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tional corn [Zea mays L.]-soybean [Glycine max L.] vs. organic corn—soybean—oat

and duration of management affect surface soil health indicators (soil biological,
Assigned to Associate Editor Craig Drury. chemical, and physical properties) after 1-9 years of management in a Central lowa
Mollisol. Overall, the organic rotation improved six of 14 soil health indicators com-
pared with the conventional system and the organic pasture improved eight indicators.
The improved indicators included soil biological indicators, labile C and N pools, and
wet-aggregate stability, but not organic C or total N concentrations. Organic systems
had fewer effects on most soil chemical properties. The conventional system reduced
soil Cby 0.35 gkg™! year™! (r=—0.84, n =9, p = 0.005), unlike the organic systems
in which soil C levels were generally maintained. The changes in soil health indicators
were attributed to use of perennials, reductions in tillage frequency (during perennial
phases), manure, and differing plant residue amounts among the three systems. In
conclusion, organic cropping systems can enhance soil biological and related indica-
tors in the medium term, but have fewer effects on soil fertility indicators under the

conditions of this study.

1 | INTRODUCTION

Organic cropping systems are increasing in terms of land
area, particularly for row crops (USDA-NASS, 2008, 2022).

Abbreviations: MBC, microbial biomass carbon; PMC, potentially Indeed, from 2008 to 2024, in the United States alone, land
mineralizable carbon; PMN, potentially mineralizable nitrogen; POC, area under organic corn (Zea mays L.) increased by 93,700 ha
particulate organic carbon; PON, particulate organic nigt; SOC, soil organic and under organic soybean (Glycin e max L.) by 61,700 ha
carbon: TN, total niz WAS, wet-aggregate stability. (USDA-NASS, 2008, 2022). The increase in organic land area
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may be due to the potential soil and environmental health
benefits with organic cropping systems while also achieving
price premiums for producers (Aivazidou & Tsolakis, 2021;
Han et al., 2021; Sapbamrer & Thammachai, 2021). These
potential benefits from organic cropping systems may occur
through use of extended crop rotations, cover crops, and
animal manure applications. In contrast to complex organic
cropping systems, simplified monocultures of conventional
row-crop systems are optimized for specialization, large-scale
operations, and equipment, and may contribute to soil and
environmental degradation (Sanaullah et al., 2020).

Yet, despite the increase in land area under organic row
crops, reviews of research on the impacts of organic crop-
ping systems on soil health showed many studies focused
on vegetables, rotations of grain crops with vegetables, or
orchards and vineyards and less on grain crops alone (Blanco-
Canqui et al., 2023; Tully & McAskill, 2020). In addition,
many studies compare the impacts of the same diversified
cropping system under organic and conventional management
but not an organic cropping system versus the standard con-
ventional cropping system of the region (Blanco-Canqui et al.,
2023; Delate et al., 2015; Delate et al., 2013). Understanding
the degree to which organic cropping systems may improve
soil health over standard or conventional cropping systems is
critical to improve sustainability.

Comparisons of soil health in conventional corn—-soybean
systems, the key system typical of the US Midwest, and
organic corn—soybean-based rotations replicating producer
practices in the area are limited (Blanco-Canqui et al., 2017;
Oquist et al., 2006; Williams et al., 2017; Wortman et al.,
2012). These few studies showed organic cropping systems
reduced or had no effect on soil bulk density (Oquist et al.,
2006; Williams et al., 2017), increased or had no effect on soil
organic C (SOC) concentration (Blanco-Canqui et al., 2017;
Wortman et al., 2012), increased particulate organic mat-
ter concentration (Blanco-Canqui et al., 2017), wet-aggregate
stability (WAS) (Williams et al., 2017), soil nutrient con-
centrations (Wortman et al., 2012), and pH (Wortman et al.,
2012) compared with the conventional system. The changes
in soil health under organic cropping systems in these stud-
ies were attributed to increased rooting depth and density
and increased organic matter from higher residue input and
manure (Blanco-Canqui et al.,, 2017; Oquist et al., 20006;
Williams et al., 2017; Wortman et al., 2012). Assessing a
suite of soil health indicators within the same study and with
time creates a broader picture of soil health in organic ver-
sus conventional systems. One question is which soil health
indicators do organic systems enhance the most relative to the
conventional system.

Measurable changes in soil health indicators take time to
develop following a management shift. Indeed, many reviews
of different soil management practices, including tillage and
cover crops, show duration of management can be a key factor
dictating changes in soil health indicators (Haddaway et al.,
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Core Ideas

* Organic systems improved soil biological and
labile C and N indicators relative to the conven-
tional system.

* Organic systems had few impacts on P and K con-
centrations, soil pH, and electrical conductivity.

* The organic rotation improved six indicators and
the organic pasture improved eight indicators com-
pared with the conventional system.

* The conventional system reduced soil C by 0.35 g
kg! year™!.

* The organic systems generally maintained soil C
levels.

2017; Poeplau & Don, 2015). For example, the difference in
soil C between cover crop and no cover crop increased with
time (Poeplau & Don, 2015). As another example, the dif-
ference in soil C between no-till and high-intensity tillage
was larger with longer duration of tillage management (Had-
daway et al., 2017). However, such relationships between soil
health indicators and duration of management are lacking for
organic systems, even in reviews (Gattinger et al., 2012; Lori
et al., 2017; Tully & McAskill, 2020). Collecting data annu-
ally from the same experiment could highlight how soil health
indicators change with time and identify a threshold manage-
ment duration needed to develop changes for each soil health
indicator. Thus, understanding what management duration is
needed to observe an increase in soil health indicators and
which types of organic systems enhance soil health indicators
with time are needed.

The increase in the use of organic corn—-soybean-based row
crop systems and knowledge gaps regarding how these sys-
tems change a broad range of soil health indicators relative to
basic conventional corn—-soybean cropping systems, particu-
larly with time, highlights critical research needs. Addressing
such needs is crucial to building sustainable agroecosys-
tems. Thus, our objective was to assess how cropping system
(conventional corn—soybean vs. organic corn—soybean—oat
[Avena sativa L.]/alfalfa [Medicago sativa L.]-alfalfa vs.
organic perennial pasture) and duration of management affect
dynamic surface soil health indicators (soil biological, chem-
ical, and physical properties) after 1-9 years of management
in a highly productive Mollisol of the US Corn Belt.

2 | MATERIALS AND METHODS
2.1 | Experiment location and design

We investigated the impact of conventional versus organic
cropping systems on soil health indicators in 2012-2020
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using the USDA Organic Water Quality experiment initiated
in 2011 (Cambardella et al., 2015; Logsdon et al., 2021).
The USDA Organic Water Quality experiment was located
near Boone, TA (42.01944° N, —93.76698° W), with a 30-
year mean annual temperature of 9.69°C and mean annual
precipitation of 911 mm (Iowa State University, 2023). The
soil was mapped as Clarion loam (fine-loamy, mixed, mesic
Cumulic Hapludoll), Canisteo clay loam (fine-loamy mixed
[calcareous], mesic Typic Haplaquoll), and Webster clay loam
(fine-loamy, mixed, mesic Typic Haplaquoll). The land use
and agronomic management prior to experiment initiation
and installation of subsurface drainage to monitor water qual-
ity for each plot is described by Cambardella et al. (2015).
The site was managed as conventional corn—soybean until
changing the management to oat/alfalfa without chemical
inputs in 2006. The experimental design was randomized
complete block with five blocks. Each plot was 30.5 m
X 30.5 m. The treatments were conventional corn—soybean
and organic corn—soybean—oat/alfalfa—alfalfa rotations and an
organic perennial pasture (bromegrass [Bromus sp.], fescue
[Festuca sp.], alfalfa, and white clover [7rifolium repens L.])
with all crop phases present each year for a total of 30 exper-
imental units (conventional corn—soybean: five plots split to
accommodate both phases of the rotation; organic rotation:
four phases X five blocks = 20 plots; organic pasture: five
plots). Note that the conventional plot was split into two at
experiment initiation to accommodate both phases of the rota-
tion but was sampled as one unit as the subsurface drainage
applies to the entire plot consisting of both corn and soy-
bean. The conventional corn—soybean rotation represented
the dominant conventional system, and the organic rotation
represented a system typical of organic row crop farmers
in the region. The organic pasture system was included to
demonstrate the environmental benefits of an entirely peren-
nial system. Due to the expense associated with livestock
purchase and maintenance, however, the pasture system is
mowed at designated intervals to maintain a healthy stand.
All phases and plots of the organic rotation and organic
pasture contained their own subsurface drainage system. Data
on water quality (2012-2015), crop yields (2012-2019), and
drainage and water use (2016-2019) are presented in Logsdon
et al. (2021) and Cambardella et al. (2015). Additional water
quality data will be presented in companion manuscripts.

2.2 | Agronomic management

The agronomic management of the conventional, organic pas-
ture, and organic rotation plots are as follows: In late March
to April, in the organic rotation, composted beef (Bos taurus)
manure (2012-2015 or years 1-3, 3.1-10.4 Mg manure ha~!)
or composted chicken (Gallus domesticus) manure (2016—
2020 or years 4-9, 1.2-6.1 Mg manure ha~!) was applied at
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56 kg N ha™! to oat—alfalfa and 168 kg N ha~! to corn. The
beef manure C:N ratio was 14-20 and the chicken manure was
7-11. The change in manure source was intended to improve
nutrient availability. The oat—alfalfa plots were disked and
cultivated. The organic corn plots were moldboard plowed
following manure application and then disked and cultivated.
The organic soybean plots were chisel plowed in the fall
prior to planting and spring disked and cultivated. Oats were
planted at 90-101 kg ha~! and alfalfa at 22.4 kg ha~! in
mid-April to late April. Oats were harvested in late June
to mid-July and straw was baled. The second-year alfalfa
was mowed, raked, and baled two to four times per year
depending on growth. No other inputs were applied to the
organic pasture treatment except compost, as described later.
The conventional plots were disked and cultivated before
planting.

Both organic and conventional corn and soybean plots
were planted with the same organic, non-herbicide-resistant
hybrids in about mid-May at rates of 81,280-101,600 seeds
ha=! for corn and 457,200 seeds ha~! for soybean. Con-
ventional corn was side-dressed in mid-June with 168 kg N
ha~! as urea ammonium nitrate. Weeds in the conventional
corn and soybean plots were controlled with herbicides, while
weeds in the organic corn and soybean were controlled with
a combination of rotary hoeing, flame-weeding, row cultiva-
tion, and walking (i.e., hand-pulling). Corn and soybean were
harvested in mid-October to late October. Pasture plots were
seeded at 19 kg ha~! with a mix of bromegrass, fescue, alfalfa,
and white clover in 2012 and were mowed up to twice annu-
ally without biomass removal or presence of grazing animals.
Note that in 2018 (year 7), compost (dairy bedpack consisting
of manure + sand) was applied at a rate of 8201 kg C ha™!
(25 Mg compost ha™!, 308 kg N ha™!, 61.5 kg Pha~!, 289 kg
K ha~!, and 27 C:N ratio) to all organic rotation and pasture
plots and incorporated. This means that all pasture and alfalfa
plots were re-seeded in that year. The compost addition was
to enhance C input and accelerate the C gains of the organic
systems.

2.3 | Soil sampling and analysis

Soil health indicators encompass a suite of soil biological,
chemical, and physical properties. These indicators or soil
properties are selected for monitoring as they can be sensi-
tive to management changes (i.e., microbial activity or WAS)
(Blanco-Canqui & Ruis, 2018; Lori et al., 2017; Sekaran
et al., 2020) and/or be of agricultural significance (i.e., pH or
nutrient concentrations). In this study, we assessed the follow-
ing soil biological indicators: microbial biomass C (MBC),
potentially mineralizable C (PMC), potentially mineralizable
N (PMN), and particulate organic C (POC) and particu-
late organic N (PON) concentrations. We determined the
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following chemical indicators: SOC, total N (TN), inorganic
N, P, and K concentrations, pH, and electrical conductivity.
The soil physical indicators were bulk density and WAS.

Soil sampling for the analysis of soil health indicators
occurred in fall after crop harvest each year. Soil samples
were collected from the 0- to 15-cm depth using a 3.2-cm
diameter hand probe and composited. Note that soil samples
were not collected and analyzed for all soil health indicators
at deeper depths each year as changes in soil health indicators
were expected to occur to the greatest degree at the soil sur-
face and we were most interested in changes in soil health in
the surface soil. Samples were transported to the laboratory
and stored at 4°C until processing. Samples were field-moist
sieved through a sieve with 8-mm openings and a subsam-
ple collected for analysis of WAS and microbial biomass. The
subsample for WAS was air-dried in the laboratory, and a
subsample for microbial biomass was stored at 4°C for less
than 2 weeks before processing. The remaining sample was
field-moist sieved through a sieve with 2-mm openings and
air-dried for all other analyses.

MBC was determined using the chloroform fumigation
method on 8-mm sieved, field-moist samples (Sparling &
West, 1988; Vance et al., 1987). MBC was only analyzed for
the 0- to 5-cm depth in year 1 (2012), while all other years
were analyzed for the 0- to 15-cm depth; thus, for consis-
tency, we did not include the data from 2012. The amount
of extracted C was analyzed using a Dohrmann DC-180 car-
bon analyzer (Rosemount Analytical Services). The amount
of microbial biomass was calculated as the difference between
fumigated and non-fumigated extracted C on a per dry soil
weight basis with a correction factor of 0.33.

PMN and PMC were determined through the methods of
Drinkwater et al. (1997). Note that PMC was not assessed in
years 1-3. The PMC was a 4-day incubation of soil at 60%
water-filled pore space and 30°C with NaOH traps to cap-
ture CO,. After 4 days, the traps were removed, acidified,
and CO, release measured on an Agilent 7890A (Agilent)
gas chromatograph with thermal conductivity detector. PMC
was the amount of CO, produced after correction for a blank.
The incubation continued for a total of 28 days to assess
PMN (NH,;* and NO;™). Soil samples from day 0 and 28
of the incubation were extracted with 2 M KCI and analyzed
using the colorimetric method with flow injection on 2 M
KClI extracts (Keeney & Nelson, 1982). The amount of PMN
was computed as the difference in inorganic N concentration
between time 0 and 28 days.

To assess POC and PON concentrations, we used the
methods of Cambardella and Elliot (1992), where soil was dis-
persed with 0.5% sodium hexametaphosphate solution and silt
and clay particles washed through a 53-um sieve. The sand
plus particulate organic matter remaining on the sieve was
dried at 60°C for 24 h, weighed, and pulverized using a Fritsch
Planetary Ball Mill (Pulverisette 5). The pulverized samples
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were then analyzed for total C and N concentrations by dry
combustion (Nelson & Sommers, 1996). The whole-soil total
C and N concentrations were assessed using the dry combus-
tion method (Nelson & Sommers, 1996) on a Thermo-Fisher
Scientific EA Flash 1112 C and N analyzer (Thermo-Fisher
Scientific). The particulate and whole-soil samples were also
assessed for inorganic C using a pressure calcimeter (Sherrod
et al., 2002). The organic C concentration was the difference
between the total and inorganic C concentrations.

Soil WAS was determined through the wet-sieving method
(Nimmo & Perkins, 2002; Obrycki et al., 2018). Air-dried, 8-
mm sieved soil (100 + 0.05 g) was placed on top of a stack of
nested sieves with mesh sizes of 4, 2, 1, 0.5, and 0.25. The
sieve stack was immediately immersed in water and oscil-
lated vertically in water for 5 min at a rate of 125 rpm and
an oscillation height of 1.8 cm. The aggregates remaining
on each sieve were dried at 105°C for 3 days, weighed, and
the percentage of water-stable macroaggregates calculated by
summing the fraction of aggregates remaining on each sieve
(i.e., aggregates >0.25 mm).

Soil bulk density was determined by the core method
(Blake & Hartge, 1986). Briefly, we used the total volume
of soil collected and mass of total soil sample collected after
accounting for water content to compute the bulk density.
Soil pH and electrical conductivity were assessed using pH
and electrical conductivity meters in a 1:1 soil:water solu-
tion (Thomas, 1996; Whitney, 1998). Soil inorganic N (NH,*
and NO; ™) concentration was assessed using the colorimetric
method with flow injection on 2 M KCl extracts (Keeney &
Nelson, 1982). Concentrations of P and K were determined
by extracting soil with Mehlich-3 solution at a 10:1 ratio
and analyzing the filtered extracts using inductively coupled
plasma-optical emission spectroscopy (Frank et al., 1998;
Mehlich, 1984).

2.4 | Statistical analysis

Even though all phases of each system were present each year,
the complexity of the diversified organic system necessitates
analysis of system effects rather than phase effects. Thus, the
four phases of the organic rotation were averaged by block and
year, which mimics how the conventional plots were sampled
as one unit. Each system consisted of five datapoints for each
soil health metric in each year. We also analyzed the data for
the four blocks that were most similar in terms of soil texture,
excluding the block dominated by the more eroded Clarion
soil series. The data were assessed for normal distribution
by year using the Shapiro—Wilk test in PROC UNIVARIATE
in SAS software (SAS Institute, 2023). If normality assump-
tions were not met, the original data were transformed using
the natural log (POC, PON, and P concentrations) or natural
log+1 (inorganic N concentration). Following assessment for
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normality and any transformations, the data were analyzed by
year using the PROC GLIMMIX procedure in SAS software
for arandomized complete block design (SAS Institute, 2023).
The model factors were system (conventional, organic, or pas-
ture) and block. We separated treatment means using the least
significant difference with p-value of 0.05. Using this crite-
rion, we only discuss significant treatment effects. We studied
the impact of system with time on soil health indicators using
the PROC REG procedure for the treatment means in each
year. We defined an improvement in a soil health indicator
when the organic rotation (or organic pasture) improved the
soil health indicator in most years or in year 9 with similar
trends in previous years.

3 | RESULTS

3.1 | Impact of cropping system on soil
properties

3.1.1 |
pools

Soil biological properties and C and N

Treatments (conventional, organic rotation, or organic pas-
ture) affected soil biological properties of MBC, PMC, and
PMN, but the effect differed by year (Figure 1A—C). The
organic rotation increased MBC in year 9 by 161 pg g~! (by
1.5 times) compared with the conventional system (Figure 1 A;
Table 1). The organic pasture system increased MBC in most
years by 248-385 ug g~! (by 1.7-2.2 times) compared with
the conventional system. The MBC values in the organic rota-
tion were intermediate relative to the pasture and conventional
systems.

The organic rotation increased PMC in years 7 and 9 by 90—
111 pg g~! (by 1.4 times) compared with the conventional
system (Figure 1B; Table 1). The pasture system increased
PMC by 142-240 pg g~! in all measurement years (by 1.5—
1.9 times, years 4-9). In year 9, PMC values in the organic
rotation were intermediate relative to the pasture and conven-
tional systems. The organic rotation increased PMN in year 7
by 22 ug g~! (by 1.5 times) compared with the conventional
system, while the pasture system increased PMN in years 7-9
by 31-51 ug g~! (by 1.7-2.3 times; Figure 1C).

Treatment effects on POC and PON concentrations differed
by year (Figure 2A,B). The organic rotation increased POC in
years 3 and 9 by 1-3 mg g~! (by 1.6-1.7 times) and PON in
year 9 by 0.3 mg g~! (by 1.7 times, Figure 2A,B; Table 1).
The pasture system increased concentrations of POC in years
3 and 6-9 by 2-7 mg g~! (by 2.4-2.5 times; Figure 2A) and
PON in year 9 by 0.6 mg g~! (by 2.5 times) compared with
the conventional system (Figure 2B). Note that in year 9, the
organic systems had similar POC and PON concentrations.
Treatments had no effect on SOC and TN concentrations in
any year (Figure 2C,D; Table 1).
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3.1.2 | Soil bulk density, aggregation, and
fertility parameters

Treatments affected soil bulk density and WAS (Figure 3A,B;
Table 1), but not soil pH or electrical conductivity. The
organic rotation had no effect on bulk density, while the
organic pasture system reduced bulk density in years 2 and
9 by 0.16 Mg m™> compared with the conventional system
(Figure 3A). The organic rotation increased WAS in years
1-3, 5, and 8 by 8%—10% compared with the conventional sys-
tem, while the pasture system increased WAS in years 1-9 by
17%-29% (Figure 3B).

Across years, soil pH was 6.3 in the conventional system,
6.8 in the organic rotation, and 6.6 in the pasture system.
Across years, soil electrical conductivity was 206 mS cm™!
under the conventional system, 265 mS cm™!
organic rotation system, and 250 mS cm~! under the pasture
system. Treatments affected inorganic N, P, and K concen-
trations, but the effects varied by year (Table 2). The organic
rotation reduced inorganic N concentration in year 6 by 10 mg
kg~! and the pasture system in years 2, 5, 6, and 9 by 5-36 mg
kg~!. The organic rotation increased Mehlich-3 extractable P
concentration in year 9 relative to the conventional and pasture
systems. The pasture system increased Mehlich-3 extractable
K concentration relative to the conventional system.

under the

3.2 | Impact of cropping system duration on
soil properties

The relationships among management duration by crop-
ping system and soil properties were variable. Under the
conventional system, management duration was negatively
correlated with SOC and reduced SOC by 0.35 g kg~! year™!
(Table 3). Also under the conventional system, K concentra-
tion was positively correlated with duration of management
(7 g kg~! year™!). Under the organic rotation system, man-
agement duration was negatively correlated with bulk density
(Table 3). Under the pasture system, management duration
was positively correlated with MBC, PMN, POC, PON, WAS,
and K concentration (Table 2). The pasture system increased
MBC by 31 pg g~! year™!, PMN by 3 ug g~! year~!, POC by
0.62 mg g~! year™!, PON by 0.05 mg g~! year™!, WAS by
2.2% year~!, and K concentration by 10 g kg~! year~!. There
were no other correlations between management duration and
the soil health indicators.

4 | DISCUSSION

4.1 | Impact of cropping system on soil
properties

One of the overarching questions associated with this study
was which soil health indicators respond most to organic
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FIGURE 1

Impact of conventional corn—soybean, organic corn—soybean—oat/alfalfa—alfalfa rotation, and organic pasture on soil microbial

biomass (A), potentially mineralizable C (B), and potentially mineralizable N (C) in the 0- to15-cm soil depth after 1-9 years of management in the

US Corn Belt. Microbial biomass C was not assessed for the 0- to 15-cm depth in year 1, and potentially mineralizable C was not determined in years

1-3. Organic pasture was mowed without baling and other inputs except for compost application in 2018 (year 7). Error bars are the standard

deviation. Bars with the same lowercase letter within 1 year are not statistically different at p < 0.05. No letter denotes nonsignificant.

cropping systems. Enhancement of a soil health indicator is
defined in Section 2.4. The results of this study show that
after 9 years, the organic rotation system improved six of 14
indicators and the organic pasture improved eight indicators
compared with the conventional system (Table 1). The pasture
system also had larger impacts on six soil health indicators

than the organic rotation when either system was compared
with the conventional system (Table 1). Thus, while both the
organic rotation and organic pasture systems may enhance
soil health indicators, the pasture system improved more soil
health indicators and to a greater extent than the organic rota-
tion system. The soil biological, labile C and N pools, and

8518017 SUOWILIOD BAIeR1D) 3|edl|dde 3y} Aq pausenob 8e ss[ole O ‘85N J0 S8|N 10y A%eiq T 3UIIUO AB]IM UO (SUO R IPUOD-PUe-SWLBYW00" A | 1M ARe g1 BUTJUO//ScY) SUORIPUOD pue SWis | 33 89S *[G202/90/G2] Uo Atelqiauliuo AB|1m ‘elfeeueIyo0D A 56202 2 BS/200T 0T/10p/w0o A8 | Im Afeid Ul ju0'SSssde// Ay Wiy papeo|umoqd ‘T ‘G202 ‘T990SEYT



8 of 14 Soil Science Society of America Journal

RUIS ET AL.

1.4

16

14 4 —e— Conventional

--#---OQrganic Rotation

- - Organic Pasture

Particulate Organic C (mg g™)
-]

) — —_
% ) ¥
A

4
=)
P

=
'S
P

Particulate Organic N (mg g)

4
N
P

40 1

173
Y
s

<
P

Soil Organic C (g kg™)
I I ] [ 3 w
=] W S W

2]
A

<

g
n
L

—
wn
1

Total Soil N (g kg™")
~
>
.

Duration of Managment (year)

FIGURE 2
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Impact of conventional corn—soybean, organic corn—soybean—oat/alfalfa—alfalfa rotation, and organic pasture on particulate organic

C (A) and N (B), soil organic C (C), and total N concentrations (D) in the 0- to 15-cm soil depth after 1-9 years of management in the US Corn Belt.

Organic pasture was mowed without baling and other inputs except for compost application in 2018 (year 7). Error bars are the standard deviation.

Bars with the same lowercase letter within 1 year are not statistically different at p < 0.05. No letter denotes nonsignificant.

WAS indicators were most responsive to treatments, unlike
most soil chemical and fertility indicators.

The organic pasture system probably improved soil health
over the conventional system due to lack of tillage and use
of perennials. The organic rotation probably improved soil
health due to reduced or no tillage during two of the four years
of the rotation, incorporation of a diversified cropping sys-
tem with a perennial crop, and input of organic amendments.
Indeed, global reviews and meta-analyses have shown reduced
tillage or no-till (Y. Li et al., 2018), use of perennials or
extended rotations (Theshiulo et al., 2023), and use of organic
amendments like animal manure (Liang et al., 2021; Maillard
& Angers, 2014) can improve soil carbon concentration and
other soil health indicators.

The similarity in soil inorganic N concentration between
the conventional and organic rotation in most years likely
reflects the similarity in external N-inputs. The greater fre-
quency of treatment differences on inorganic N after year 3
likely reflects the change from beef manure to chicken manure
in year 4. The increases in soil P under the organic rota-
tion and K concentrations under the pasture in year 9 may
be the result of P and K mineralization from the compost
applied in year 7. In contrast, the similarity in P concentra-
tion between the organic pasture and conventional system in
year 9 suggests immobilization of P mineralized from the

compost. Soil P and K concentrations may or may not dif-
fer between organic and conventional systems depending on
the N-source (animal manure or green manure). For exam-
ple, the use of annual crops plus animal manure increased
soil P and K concentrations and pH compared with the con-
ventional system (Wortman et al., 2012). However, growing
alfalfa to use as a green manure prior to grain crops increased
soil P and had no effect on K concentration. Thus, because our
organic rotation system uses both animal manure and alfalfa
as a green manure, we may expect few changes in soil fertility
indicators.

In terms of other ecosystem services and other soil health
indicators, data from the current experiment show that the
organic rotation and the pasture systems can reduce N-loss
through tile drainage by 50%-79% and generally have no
effect on soybean yield relative to the conventional system
but may reduce corn yield in 3 of 8 years (Cambardella
et al., 2015; Logsdon et al., 2021). Based on Figures 1-3
and Table 1, changes in WAS, MBC, and PMC were the key
drivers for changes in soil health indicators and showed the
earliest improvements due to management. However, other
indicators such as PMN and POC and N concentrations
improved later. Thus, when monitoring soil health, focusing
on the most dynamic soil health indicators in the short to
medium term is essential.
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FIGURE 3 Impact of conventional 1.50

corn—soybean, organic
corn—soybean—oat/alfalfa—alfalfa rotation, and 1.25
organic pasture on soil bulk density (A) and

water-stable aggregates (B) in the 0- to 15-cm soil
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baling and other inputs except for compost
application in 2018 (year 7). Error bars are the
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4.2 | Impact of cropping system duration on
soil properties

The increase in MBC, PMC, and WAS under the pasture sys-
tem within the first 1-3 year of management indicates these
soil properties may change rapidly with a shift to a peren-
nial system. Other soil properties such as PMN and POC
and PON concentrations under the pasture system did not
change until after 7 years of management. The organic rota-
tion system took longer to exhibit changes in MBC and PMC
soil health indicators (7 years after experiment initiation) in
most cases, suggesting the organic rotation may not as rapidly
alter soil health indicators compared with the organic pas-
ture system. Changes in management (i.e., shift from beef
to chicken manure and addition of compost in year 7) likely
facilitated some of these changes. However, soil health indi-
cator improvement with time can be noted during years 4-6
before the compost addition. Soil nutrients were not generally
affected by time under the different treatments. Indeed, only
K concentration increased with time under the conventional
and organic pasture treatments. These findings are similar
to those of Wortman et al. (2012), which showed that soil

2 3 4 5 6 7 8 9
Duration of Management (year)

P increased with time when animal manure was used in the
organic system, but not soil K and pH.

Previous research has also shown that perennial systems,
such as prairie restoration, may improve soil C and soil health
indicators during the first 8 years (C. Li et al., 2021). Other
studies have shown extended rotations, including perennials,
and organic amendments can improve soil health indicators
(Blanco-Canqui et al., 2017; Kibet et al., 2016; Liang et al.,
2021; Maillard & Angers, 2014; Williams et al., 2017). How-
ever, depending upon the soil health indicator and the man-
agement practice, changes to soil health may take 3—10 years
(Blanco-Canqui, 2022; Iheshiulo et al., 2023; Y. Li et al,,
2018; Nunes et al., 2021). Thus, the timeline for change in
soil health indicators in our study is in-line with other studies.

Management duration under organic, conventional, or pas-
ture systems was expected to influence soil health indicators
as other studies under a variety of systems have shown longer
durations of management can lead to greater changes in
some soil health indicators (Blanco-Canqui, 2022; Theshi-
ulo et al., 2023; Y. Li et al., 2018; Nunes et al., 2021). In
this study, both organic systems increased MBC with time,
but only the pasture system increased PMN, POC and PON
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TABLE 3 Linear regression slopes and R? values for the relationship between soil property and duration of management by cropping system.
No. of Conventional Organic rotation Organic pasture

Property observations Slope R? Slope R? Slope R?
Microbial biomass C 8 10.19 0.25 30.84 0.44 22.33 0.49*
Potentially mineralizable C 6 —7.77 0.17 —0.065 0 7.05 0.066
Potentially mineralizable N 9 —1.03 0.11 0.38 0.012 3.33 0.44*
Particulate organic C concentration 9 —0.0029 0.0001 0.19 0.21 0.62 0.59°*
Particulate organic N concentration 9 —0.0042 0.032 0.020 0.40 0.053 0.63%*
Organic C concentration 9 —0.35 0.70* —0.24 0.32 0.20 0.22
Total N concentration 9 —0.057 0.40 —0.032 0.36 —0.0018 0.0012
Bulk density 9 —0.0080 0.34 —0.0088 0.56* —0.0097 0.30
Wet-aggregate stability 9 0.68 0.20 0.097 0.0078 2.20 0.74%*
pH 9 —0.029 0.33 0.013 0.38 —0.002 0.0018
Electrical conductivity 9 -11.76 0.29 -0.27 0.0001 3.03 0.020
Inorganic N concentration 9 0.32 0.0064 1.53 0.37 —1.15 0.28
P concentration 9 1.53 0.37 1.59 0.24 0.73 0.034
K concentration 9 7.10 0.44* 3.83 0.22 9.65 0.56*

Note: Organic pasture was mowed one to two times annually and received no inputs other than compost in 2018 (year 7).

**p < 0.01; *p < 0.05. Values in bold are statistically significant.

concentrations, and WAS with time. These relationships sug-
gest the duration of management can drive changes in soil
health as expected. Of note, in the pasture system, no ani-
mals were present, and vegetation mowed and left in the field,
unlike the alfalfa phase of the organic rotation system, where
the vegetation was mowed, raked, and baled. The retention of
the cut vegetation in the pasture system may have contributed
to the increase in soil health indicators, although most soil C is
dominated by root-derived C (Mazzilli et al., 2015; Villarino
etal., 2021).

Interestingly, the conventional system showed reductions in
SOC (0.35 gkg™! year™! or 0.65 Mg ha~! year™!) with dura-
tion of management, indicating a loss of this key soil property.
However, the two organic systems led to better maintenance
of SOC concentrations rather than continued losses. Despite
the reductions in organic C concentration with time in the con-
ventional system, soil biological properties (MBC, PMC, and
PMN) did not change with time, nor did labile organic mat-
ter fractions (POC and PON concentrations). These findings
suggest that the conventional system results in the rapid uti-
lization of fresh substrates and less stabilization of organic
matter. The loss of SOC could be through multiple routes
including water and wind erosion or priming. Some have esti-
mated that 35% of the US Corn Belt has lost its nutrient and
C-rich A-horizon, resulting in about 1.4 Pg of C lost over
the 390,000 km? region (Thaler et al., 2021). Another study
showed converting grasslands to croplands, particularly to
tilled cropland, can result in about 0.40 Mg C ha~! year™!
lost to erosion (Zhang et al., 2021).

The loss of soil C concentration from many agricultural
systems compared with extended rotations and perennial sys-

tems is generally well-known (Nunes et al., 2021). In addition,
some research has shown corn following soybean can enhance
soil C losses through priming and enhanced MBC from the
soybean phase (Diochon et al., 2016; Hall et al., 2019). How-
ever, in organic systems, the continuous and high rates of
organic inputs can enhance stabilization of soil C in the
mineral-associated pools (Mayer et al., 2023). The increase
in MBC with time under the pasture system did not corre-
spond to increased microbial activity in the form of PMC,
suggesting greater retention of soil organic matter. Thus,
despite the high C levels and assumed resilience associated
with this high-C Mollisol, simplified, nearly monoculture sys-
tems without supporting inputs such as cover crops, animal
manure, and other amendments will likely not maintain SOC
concentrations.

S | CONCLUSIONS

This study investigating the impacts of conventional corn—
soybean, organic corn—soybean—oat/alfalfa—alfalfa rotation,
and organic perennial pasture across 9 years of management
shows the use of organic cropping systems can improve highly
dynamic soil health indicators. These indicators include
MBC, PMC, PMN, POC and PON concentrations, and WAS.
The organic perennial pasture system improved more soil
health indicators (eight indicators), improved soil health indi-
cators sooner, and improved soil health indicators to a greater
degree than the organic rotation (six indicators). The improve-
ment in soil health within the pasture system and the organic
rotation are attributed to the use of organic amendments,
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perennial crops, and diversification of the cropping system.
Without such management practices, conventional, simplified
rotations can result in degradation of soil health indicators
with time, particularly soil C. Thus, the use of an organic
perennial pasture or an organic rotation can enhance soil bio-
logical indicators, labile C and N, and soil aggregation while
also potentially enhancing the sustainability and resilience of
agricultural systems. For highly productive central lowa soils,
organic cropping systems can enhance soil biological and
related indicators in the medium term, but not most fertility
indicators.
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