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Abstract

The sustainability of an agricultural field is largely influenced by crop growth habit and man-
agement practices such as tillage. Both strongly interact to shape ecosystem properties such as
the fluxes and stocks of carbon and nitrogen. Recently, researchers have worked to develop per-
ennial grain crops in order to enhance key ecosystem processes, such as carbon cycling and
nitrogen fixation, with the use of perennial crops rather than traditionally used annual crops.
In this study, we aimed to understand how soil disturbance combined with vegetation type
[annual monoculture crops vs. perennial monocultures (intermediate wheatgrass (IWG)) vs
restored native vegetation (RNV)] influenced the soil carbon and nitrogen dynamics. We col-
lected soil samples at two depths (0–15 cm and 15–30 cm) from each vegetation treatment
and incubated the soils in the laboratory for 120 days to determine the efflux of carbon and
also analyzed the mineralization of both carbon and nitrogen. The results demonstrated the
soils from the IWG had the greatest carbon flux, as well as carbon and nitrogen storage (annual
monoculture < RNV < IWG). The differences in carbon flux, carbon and nitrogen storage from
the IWG to the annual monoculture were 27, 40, 20%, respectively, while the IWG to the RNV
was 11, 20, 10%. Shallow soil samples exhibited greater differences in all C and N comparisons
between treatments compared to deeper soil samples. Taken together, our findings indicate that
crop vegetation type and soil depth strongly influence carbon and nitrogen dynamics.

Introduction

As the global demand for food increases, humans continue to clear natural landscapes and
work to increase the production of food (Tilman et al., 2011). Often these natural landscapes
are converted from complex networks of predominantly diverse perennial plant communities
to simplified annual plant communities such as monocultures (Matson et al., 1997; Lal, 2002;
Crews et al., 2016). These vegetation conversions cause a cascade of changes including
decreases in the amount of carbon entering the ecosystem and altered soil microbial activities
(Tilman et al., 2001; Lange et al., 2015) The subsequent changes in system-level carbon and
nitrogen cycling usually lead to a decrease in carbon and nitrogen sequestration
(McLauchlan et al., 2006; De Deyn et al., 2011; Thakur et al., 2015).

Soil tillage disrupts the soil by exposing carbon and nitrogen that had previously been phys-
ically and chemically stabilized in soil aggregates (Bronick and Lal, 2005). This disruption
changes soil structure leading to a loss of carbon and nitrogen through erosion and increased
microbial mineralization (Flanagan and Visser, 2004; Kristensen et al., 2014; Dignac et al.,
2017). Labile carbon is often within surface soils and cycles quickly, especially when tilling
exposes it to the air (Rovira and Vallejo, 2002). Kramer and Gleixner found that microbes
rely on plant C exudates in shallow soil 0–20 cm, but there was a shift in carbon source to
bulk soil organic matter (SOM) in deeper soils 20–60 cm, which implies a faster turn over
in carbon of the microbial biomass compared to the bulk SOM (2008). When looking at
annual cropping systems compared to perennial forage systems, both had greater labile carbon
(∼50% more) in 0–15 cm than 15–30 cm during the most productive months (Diederich et al.,
2019). Perennial cropping requires less soil disturbance and therefore leads to greater soil sta-
bility than annual cropping, allowing for a greater accumulation of SOM (Glover and
Reganold, 2010; Crews and Rumsey, 2017; Kantola et al., 2017). In another study, where
annual cropped fields were converted to perennials over a 20-year period, total soil carbon
accumulation was found to be 20% greater at 0–30 cm under perennial vegetation and 11%
greater when sampled from 0–100 cm (Ledo et al., 2020). In contrast, when grasslands were
converted to perennial crops, the soil experienced carbon loss at both a shallow and greater
depth, with the greater loss (−9.6%) measured in the 0–100 cm (Ledo et al., 2020).

Plants return carbon to the soil at both surface and deeper soils (1 m+) (Monti and Zatta,
2009). Annual crops generally allocate less photosynthate to typically shorter roots that occupy
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1 m or less of the topsoil, while perennial plants allocate a larger
percentage of photosynthate to roots that frequently grow over 2
m. This greater allocation to root growth by perennials can result
in greater carbon sequestration, in part because of deeper root
penetration in the soil profile (DeHaan et al., 2004; Glover
et al., 2007; Kell, 2011). Perennial plants increase soil carbon
and nitrogen while decreasing the overall disturbance to the
soil’s ecosystem, leading to an increase in stored carbon and nitro-
gen in the soil over time (Bronick and Lal, 2005; Crews et al.,
2016).

The research for the carbon and nitrogen benefits of perennial
grain crops is limited and often extrapolated from studies that
have looked at the increase of carbon when annual crop lands
are converted to perennial grasslands or comparisons between
perennial and annual biofuel crops (Post and Kwon, 2000;
Arrouays et al., 2002; Kucharik, 2007; Matamala et al., 2009;
Bandaru et al., 2013; Kämpf et al., 2016; Crews and Rumsey,
2017; McGowan et al., 2019; Jacot et al., 2021). Increases in soil
carbon in the range of 0.33–1.0 t ha−1 year−1 have been measured
when annual crops were converted to perennial grasslands (Crews
and Rumsey, 2017). Similarly, in a review by Jacot et al. (2021),
soil carbon was found to increase when annual monoculture
crops were converted to perennial biofuel grasses. For example,
when corn and soybeans biofuels were compared to switchgrass
in Michigan, the switchgrass on average sequestered 0.23 Mg C
ha−1 yr−1 more carbon (Bandaru et al., 2013), with most of the
difference occurring in surface soil horizons (Jacot et al., 2021).
In a study conducted in Kansas, sorghum grain biofuels were
found to accumulate significantly less soil organic carbon than
the perennial miscanthus (1.3 Mg C ha−1 yr−1) and switchgrass
(0.8 Mg C ha−1 yr−1) over a twelve-year period in the 0–15 cm
of soil, but not at deeper depths (McGowan et al., 2019).

A new approach for protecting soil from erosion and poten-
tially increasing soil carbon and nitrogen is to replace annual
grain species with perennial grain species (Crews and Cattani,
2018). Sprunger (2015) compared annual wheat to perennial
intermediate wheatgrass (which has been bred to produce the
perennial grain Kernza®), looking at the carbon from above and
below-ground biomass and particulate organic matter (POM).
The greatest difference was in carbon in the below-ground bio-
mass (15 times greater for wheatgrass) followed by the above-
ground biomass (1.9 times greater). No difference was seen in
the POM, which was partially attributed to experimental fields
only being run for 4 years, which is not a long time for detecting
carbon accumulations (Necpálová et al., 2014).

Our study evaluated the effects of three cropping systems on
several key soil health parameters; the three systems are annual
monoculture, perennial grain monoculture (IWG- intermediate
wheatgrass), and restored diverse restored native vegetation
(RNV- mostly perennial). The RNV treatment served as a soil
health benchmark. We established a laboratory soil incubation
experiment to quantify soil CO2 evolution as a proxy for microbial
activity and C mineralization at two different depths (Kramer and
Gleixner, 2008). In this method, CO2 evolution is thought to reflect
the amount of labile carbon in soil that can be readily utilized by
microbes. Samples were analyzed for SOM and soil total nitrogen
to determine the impact of annual vs perennial cropping system
at two soil depths. We asked the following questions: (1) Does
cropping system and soil depth affect soil CO2 fluxes? (2) How
does cropping system and soil depth affect soil properties such as
total C and N, C:N, and SOM? We predicted that (1) Perennial
monoculture and RNV will have higher soil C effluxes than annual

monoculture due to higher labile pools (SOM) as demonstrated
previously in other comparisons of perennial and annual systems
(Crews and Rumsey, 2017; McGowan et al., 2019; Jacot et al.,
2021). (2) We also predicted that soil C efflux, SOM, and nitrogen
will decline with soil depth to a greater extent in annual monocul-
ture due to the tilling disturbance relative to perennial monoculture
and RNV where soil disturbance is absent and labile carbon is
found in shallower soils.

Methods

Study site and experimental design

Soil collections took place at the Land Institute in Salina, Saline
County, Kansas, USA (38.7684° N, 97.5664° W) in June 2018. The
mean annual temperature of the field site is 12°C, and mean precipi-
tation is 819mm. The soil is classified as coarse-silty mixed, mesic
Fluventic Haplustoll. The Land Institute created the Agroecology
Research Trials (A.R.T. plots), which are 900m2 plots with no aisles
at three different levels of agricultural intensification were established
in 2002 from fields that have previously grown alfalfa since 1996
(McKenna et al., 2020). A randomized block design was set up
that included three treatments: (1) RNV (low input intensification),
(2) perennial monoculture with the IWG, Thinopyrum intermedium,
(precursor to the perennial grain Kernza® with low input intensifica-
tion) and (3) annual monoculture with a wheat, sorghum, soybean
crop rotation (high input intensification).

The RNV was originally planted with a native prairie seed mix
and is managed as a hay meadow with two treatments. The vege-
tation has historically either been cut, baled and removed one per
year in mid-July or the plots were burned; these two management
regimes were implemented with approximately equal frequency
for the duration of the experiment. IWG was broadcast as a single
species monoculture and was fertilized with urea at a rate of ∼100
kg ha−1. The IWG has never been re-resown. IWG seed is har-
vested in mid-July and forage in early spring or fall. The annual
monoculture consisted of a 3-year soybean (Glycine max),
wheat (Triticum aestivum) and sorghum (Sorghum bicolor) rota-
tion typical of central Kansas. It was plowed or disked every year
and was fertilized with between 84–123 kg urea-N and 56 kg
super phosphate-P ha−1 yr−1 before sowing crops as needed.
Annual grains were harvested following typical grower practices
in Central Kansas. Winter wheat was harvested by combine in
late June, while sorghum and soybean were combined in late sum-
mer. Following harvest, crop residues were incorporated by disk-
ing. There were three replicates of the three cropping systems
treatments for a total of nine plots. The plots have been cared
for in a similar manner for 16 years at the time of sampling.
Soil samples were taken in June during the later growth stage
for all fields and before fields were harvested in July. For the
annual monocultures, we collected soils from fields that had win-
ter wheat at grain-filling stage. IWG was at flowering stage when
soils were collected. The RNV is composed of both C3 and C4
plants so some plants were flowering and others were in the fruit-
ing stage. June is a warm season where all fields have been actively
growing for a few months, which made it an ideal time for our
collections.

Soil sampling and incubation

In each experimental plot, we sampled at three randomly selected
locations, collecting soil cores (2.5 cm diameter × 15 cm in length)
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at two depths: (1) 0–15 cm and (2) 15–30 cm. In the field, each
soil core sample was broken up and homogenized in a ziplock
bag to prepare them for sieving. The samples were placed on
ice until they could be transferred to the laboratory refrigerator.
Within 7 days, the soils were passed through a 2 mm sieve.
Then a 30 g subsample was placed in 50 mL falcon tube and
mixed with 3.6 mL water to reach approximately 60% of water
holding capacity and maintained at 25°C. The tube with soil
and an additional tube filled with DI H2O to maintain humidity
were sealed in a mason jar, placed in the dark, and incubated for
120 days (De Graff et al., 2010).

We recorded the CO2 evolution from soil samples on the ini-
tial day (day 0) as well as day 1, 2, 3, 5, 8, 15, 30, 60, 90 and 120
using a Li-COR 6400 infra-red gas analyzer (LiCOR, Lincoln,
Nebraska). We extracted 15 mL of gas from the headspace of
jars and injected it into the Li-COR 6400. Lids were removed for
air exchange for 30 min after each CO2 measurement was taken.

Soil organic matter and total nitrogen

To determine total SOM and nitrogen, we dried soils for 48 h at
105°C so that water and would not affect the final weight loss in
the loss of ignition measurement (Zhang and Wang, 2014). Then
the soil was sieved at 2 mm to remove rocks, roots and macro-fauna
before being ground with a mortar and pestle and passed through a
0.25mm mesh sieve. Ten grams of finely ground soil was collected
and placed in a ceramic bowl (Tilman et al., 2011). We attempted
to remove soil carbonates by adding drops of 1 N HCL until soils
were saturated and left for 24 h (Zhang and Wang, 2014).

After the carbonates were removed, soils were rinsed with dis-
tilled water on Whatman 125mm filter paper five times before
they were sent to Oklahoma State University (OSU) for SOM and
nitrogen analyses (Zhang and Wang, 2014). Loss on ignition and
LECO CN828 carbon and nitrogen analyzer were employed at
OSU to determine total SOM and nitrogen respectively. The organic
carbon was divided by the total nitrogen to find the C:N ratio.

Statistical analysis

We used a two-way analysis of variance (ANOVA) with rando-
mized block design to determine the main and interactive effects
of plant type and soil depth to affect CO2 evolution over time,
cumulative CO2 evolution, SOM, and soil nitrogen dynamics.
Datasets were tested for normality and homoscedasticity with
the Shapiro-Wilk W-test and Levene test, respectively. Day 0
did not meet normality assumptions and was log (X + 1) trans-
formed before analysis. All analyses were done is JMP 12 (SAS
Institute Inc., Cary, NC). The figures were created using
SigmaPlot 12 (Systat Software, San Jose, CA).

Results

Cumulative CO2 evolution

Crop type had the strongest influence on cumulative CO2 evolu-
tion (F = 4.31 P = 0.02; Table 1). The IWG cropping system pro-
duced the greatest cumulative CO2 evolution while the annual
cropping system had the least (Fig. 1). Cumulative CO2 evolution
for the IWG was on average 26.7% higher than the annual treat-
ment and 10.9% higher than the RNV. Soil depth alone did not
show a significant effect (F = 0.05 P = 0.82). The crop type × soil
depth interaction was marginally significant (F = 2.52 P = 0.09).

It appears that soil depth has a strong influence on CO2 respir-
ation rates as the surface stratum in IWG was 49% greater than
the surface stratum of the annual treatment, and only 9% greater
in the deeper stratum (Fig. 1).

CO2 evolution over time

We found significant differences in cropping treatment ×
soil depth comparisons for CO2 evolution for individual days
throughout the experiment (Table 1), however CO2 evolution
was not influenced by soil depth on a cumulative basis (P > 0.05
for all days). Initially, CO2 evolution was mostly impacted by
cropping treatment (days 1, 3, 8, 15); annual and IWG cropping
systems differed, while the RNV vegetation did not differ from
either the annual or IWG. For example, CO2 evolution in IWG
soils was on average greater than in annual soils on days 1, 3, 8,
15, respectively by 61, 36, 55, 45%. Cropping treatment × soil
depth also initially had significant interactions on day 1, 5 and
8. The upper soil depth in IWG treatment respired the greatest
CO2 overall with RNV being intermediate and annual crops low-
est (Fig. 2). IWG soils were found to respire 145, 73 and 113% on
days 1, 5 and 8 compared to soils from annual crop treatments.

Soil properties: soil organic matter and nitrogen

Total soil carbon and nitrogen responded to similar factors and in
similar directions as did soil CO2 evolution (Figs 3 and 4). Soil
nitrogen was significantly different for each experimental factor:
cropping treatment, soil depth, and cropping treatment × soil
depth (Table 2, P < 0.05). The largest effect was noted between
the annual upper and IWG upper soil. The IWG treatments had
an overall 40% greater total nitrogen concentration than annual
treatments. Differences in total nitrogen were only significant in
the upper soil stratum (Fig. 4). This explains why there was a sig-
nificant cropping x soil depth interaction (Table 1). SOM was
only significant for cropping treatment (F = 4.32 P = 0.02) and
almost significant for cropping treatment × soil depth (F = 3.03
P = 0.06), but not solely influenced by soil depth. The amount
of SOM was also greater in the IWG than annual monoculture
treatments. The RNVwas not statistically different from either crop
and had an intermediate amount of SOM and nitrogen. The IWG
had about 20% more SOM than the annual. The RNV was almost
exactly in the middle, being about 10% greater than the annual
and 10% lower than the IWG. The C:N ratio was not significantly
different between treatments or depths (P > 0.05). All treatments
had a mean C:N ratio of approximately 15:1.

Discussion

Cropping system was a stronger driver than soil depth in
influencing soil CO2 evolution both on specific days during the
incubation and cumulatively. The IWG cropping system was
characterized by perennial vegetation with large allocations of
productivity belowground and minimal soil disturbance, whereas
the annual cropping system was characterized by lower below-
ground allocation to roots and regular soil disturbance from till-
age several times per year (Cox et al., 2006; Sprunger, 2015).
Sprunger (2015) compared IWG productivity to wheat at different
nitrogen levels and found that IWG always had greater below-
ground biomass (3–12x of wheat). The IWG exhibited greater
soil CO2 evolution relative to annual monoculture, but neither
differed significantly from RNV. Further, the IWG treatment
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had greater total soil carbon, nitrogen, and SOM when compared
to the annual; again, neither differed from RNV plots.
Surprisingly, soil depth alone did not affect soil CO2 evolution
or soil C and SOM. Instead, soil depth effects were contingent
upon cropping treatment. IWG exhibited greater soil CO2 evolu-
tion than annual treatments at shallower depths (49%) than at
deeper soil depths (9%).

The IWG cropping system followed trends previously docu-
mented in the literature when comparing perennial fields to
annual croplands, where the fields with perennial plants have
greater belowground allocation and consequently greater soil car-
bon and SOM than annual cropped fields (Wang et al., 2008;
Wesemael et al., 2010; Glover et al., 2012; Crews and Rumsey,
2017). For instance, a meta-analysis by Guo and Gifford (2002)
found that when sites were converted from pastures to croplands,

fields lost on average 59% of their carbon stocks. Conversely,
when croplands were converted to pastures, the fields had a
mean increase of 19% to the carbon stock. When comparing
grasslands to croplands that have both been harvested for 75
years, croplands had a 40% decrease in the SOM relative to per-
ennial pasture (Culman et al., 2010). While the IWG plots were
not disturbed for 16 years, the current domesticated IWG crop
that produces the grain Kernza® is typically replanted after 3–5
years. Even with this shorter rotation time, the perennial crop
requires considerably less soil disturbance than an annual crop
that is replanted every year (Glover and Reganold, 2010). Under
perennial vegetation, soil is held intact and protected from wind
and rain, losing less carbon than annual crops to erosion and runoff
(Gyssels et al., 2005; Cox et al., 2006). Due to less soil disturbances
and the longer growing season, perennial systems experience

Table 1. Two-way ANOVA results testing for the main and interactive effects of cropping type by soil depth both across time and cumulatively to affect soil CO2

evolution

Day Cropping Type: F Cropping Type: P Soil Depth: F Soil Depth: P Cropping* Soil Depth: F Cropping* Soil Depth: P

0 2.56 0.09 0.55 0.74 1.10 0.39

1 6.16 <0.01* 0.15 0.70 3.52 0.04*

2 0.64 0.53 2.05 0.15 0.22 0.80

3 3.53 0.04* 1.33 0.26 1.33 0.27

5 1.41 0.26 2.70 0.06 3.60 0.04*

8 5.73 <0.01* 0.83 0.37 3.20 0.05*

15 3.79 0.03* <0.01 0.95 2.20 0.12

30 2.21 0.12 <0.01 0.94 0.56 0.58

60 0.04 0.96 1.01 0.32 0.09 0.91

90 0.94 0.40 0.02 0.88 0.65 0.53

120 1.63 0.21 2.92 0.09 <0.01 1.00

Cumulative 4.31 0.02* 0.05 0.82 2.52 0.09

F is the F statistic and P is the P-value. P-values with a ‘*’ are significant.

Fig. 1. The perennial IWG treatment has significantly more CO2

evolution than the annual treatment. Bars are means for vege-
tation treatments (annual monocultures, IWGs, and RNV treat-
ments) with standard error at upper and lower soil depths.
Bars with different letters indicate a significant difference
(P < 0.05).
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reduced losses and greater inputs of carbon into the soil (Glover
et al., 2007; Plaza et al., 2013; Crews and Rumsey, 2017).

Soil disturbance appears to have been a large contributor to
differences in soil carbon across treatments. Soil disturbances
like tilling can break open stable aggregates. This process exposes
previously protected carbon in topsoils to oxygen and microbial
consumption, decreasing the soil’s carbon stores (Sapkota et al.,
2012; Gougoulias et al., 2014). In our study, the top 10 cm of
soil in the annual fields, where microbial activities are greatest,
experienced the most disturbance from tillage. Dou et al. (2008)
observed that the soil depth from 0–15 cm experiences the great-
est disturbance in terms of microbial biomass, nitrogen, and car-
bon, while soil depths below 15 cm do not appear to be strongly
affected. Carter (1986) found that even shallow tillage reduced
microbial biomass carbon and nitrogen by 10–23% when com-
pared to no till. Guo and Gifford (2002) found that conversion

from annual crops to an un-tilled pasture, resulted in greater car-
bon return from roots and aboveground inputs compared to dee-
per soil strata. Perennial crops had more carbon in the A horizon
(0–25 cm) than conventional annual cropping systems that
included tilling (Syswerda et al., 2011). Similarly, in our study
soil carbon was observed to increase a greater amount for the
IWG in shallow soils (40%) than in deeper soils (10%) of the
annual monoculture (Fig. 2).

McKenna et al. (2020) collected samples of soil fungi within
the same A.R.T. plots as our experiment. They looked at the dif-
ferences of the soil fungi within the microbial community and
found that the soil fungi were more similar between the RNV
and IWG. They suggested that the tilling in annual monoculture
is a driving factor that differentiates soil microbial composition.
Variations in the microbial community will have an effect on
both soil carbon and nitrogen. The similarity in the microbial

Fig. 2. The CO2 evolution over time for each treatment and
depth. Each day is an addition of the CO2 respired that day
and all days prior. The annual upper treatment has the least
CO2 evolution over time while the perennial upper has to most.

Fig. 3. SOM in annual cropped soils is significantly lower than
IWG soils, but only at shallower depths. Bars are means for
vegetation treatments (annual monocultures, IWGs, and RNV
treatments) with standard error at upper and lower soil
depths. Bars with different letters indicate a significant differ-
ence (P < 0.05).
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community between the RNV and IWG may be leading to the con-
vergence of carbon and nitrogen stock between these fields and
may account for the difference seen from the annual monoculture.

Differences in SOM were also likely caused by differences in
crop net primary productivity. While the aboveground biomass
is removed for all of our treatments, perennials have a larger
root system and greater belowground biomass than annuals
(Cox et al., 2006). When comparing IWG to wheat, IWG has
on average much greater aboveground (1.5x) and belowground
(15x) biomass (Sprunger, 2015). IWG had 4.8 times the coarse
root biomass and 2.6 times the fine root biomass of wheat
(Sprunger et al., 2019). The increase in coarse root biomass led
to greater C:N ratio, which may equate to a greater capacity to
store carbon (Sprunger et al., 2019).

As with the IWG, RNV was expected to have greater soil car-
bon than both single species crops since increased diversity and
perennial plants usually lead to greater carbon storage (Yang
et al., 2019). Unexpectedly, the RNV had soil carbon amounts
that were intermediate between the perennial and annual mono-
cultures and did not differ significantly from either one. The
monocultures were both fertilized, most likely resulting in greater
productivity and thus belowground allocation. The RNV also had
aboveground biomass removed as hay or through burning, which
prevented the aboveground carbon from returning to the soil.

Loss of carbon can also lead to a decrease in microbes since
they use labile carbon as an energy source and building block
for biomass (Hoyle et al., 2011). A reduction in microbes, such
as nitrogen-fixing bacteria, can disrupt nutrient cycling, leading

to reduction in soil nitrogen mineralization (Kibblewhite et al.,
2008; Hoyle et al., 2011). Since the IWG fields are not tilled,
the perennials may help maintain microbial populations and
nutrient cycling. The perennial root systems take time to develop,
and it can take several years to see differences in the bacterial
communities (Sprunger et al., 2019). When looking at IWG com-
pared to wheat, it took about four years for the bacterial commu-
nities to diverge, which was attributed to the time it took for the
microbes to respond to the chemical changes in the root systems
(Sprunger et al., 2019). The soil carbon flux and nitrogen differed
the most in the upper layer of soil (0–15 cm) between the peren-
nial and annual monocultures and is most likely caused by tilling
and plant life strategy (annual vs. perennial). The nitrogen cycling
exemplifies the difference tilling makes in nitrogen stocks, with
the IWG treatment showing a 40% increase in total N over the
annual treatment in the upper 15 cm.

Similar to soil carbon, soil nitrogen was highest in the IWG
and lowest in the annual. Perennial grasses are known to effi-
ciently take up and better retain soil nitrogen when compared
to annual cropping. This greater nitrogen uptake leads to a reduc-
tion in the amount of nitrogen lost (Jackson, 2017). In a study by
Joffre (1990), annual grasses were found to return less nitrogen
(27 ppm N-NO4 and N-NO3) to the soil than perennial grasses
(37 ppm) in part because the annual grass has less SOM thus
causing lower nitrogen mineralization rates throughout the grow-
ing season in a Mediterranean grassland. When comparing an
annual corn-corn-soybean cropping system to perennial grass
(Switchgrass, Panicum virgatum), the annual treatments exhibited

Table 2. Two-way ANOVA results testing for the main and interactive effects of cropping type by soil depth both across time and pace for nitrogen, SOM, and C:N
ratio

Property Cropping Type: F Cropping Type: P Soil Depth: F Soil Depth: P Cropping*S oil Depth: F Cropping* Soil Depth: P

Nitrogen 8.16 <0.01* 4.65 0.04* 4.25 0.02*

SOM 4.32 0.02* 1.43 0.24 3.03 0.06

C:N ratio 1.79 0.18 2.95 0.09 0.42 0.66

F is the F statistic and P is the P-value. P-values with a ‘*’ are significant.

Fig. 4. Total soil nitrogen in annually cultivated soils is signifi-
cantly lower than IWG soils, but only at shallower depths. Bars
are means for vegetation treatments (annual monocultures,
IWGs, and RNV treatments) with standard error at upper and
lower soil depths. Bars with different letters indicate a signifi-
cant difference (P < 0.05).
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higher available soil nitrogen due to fertilization additions, but
overall, lost considerably more soil nitrogen than the perennial
grasses through nitrate leaching (Smith et al., 2013). The corn
also had much more nitrogen in its aboveground biomass than the
switchgrass since the nitrogen is removed from the grass’s above-
ground biomass and not returned to the soil at senescence.
Paustian et al. (1990) found nitrogen mineralization to be higher
in perennial grass (21 g m−2) compared to annual barley (9 g m−2).

The C:N ratio was rather high at about 15:1, which may indi-
cate that the treatments were more nitrogen limited than carbon
limited, resulting in less nitrogen being released per unit of miner-
alized SOM. Perennial systems typically have higher C:N ratios
than annual cropping systems (Sprunger et al., 2019). Kernza®
was found to have higher C:N in the coarse roots than wheat
(Sprunger et al., 2019) In another perennial system, Hunt et al.
(1988) documented that plant production in prairies was limited
by nitrogen and significantly increased with fertilizer addition.
While the amount of soil carbon did increase in their prairie
soil with increased prairie age, C:N ratio did not change, indicat-
ing that the nitrogen increases in proportion to carbon. The C:N
ratio was similar for all the cropping treatments even though total
soil nitrogen and carbon varied significantly between treatments.
This consistency highlights the tight linkage between carbon and
nitrogen in each of the treatments.

Conclusions

We found the main and interactive effects of plant cropping treat-
ment and soil depth to affect soil C and N dynamics. First, we found
that the IWGs have the potential of greater soil CO2 fluxes through
microbial respiration of stored carbon likely due to greater stored
soil C and N (e.g., substrate) in perennial treatments than annual
treatments. Contrary to our predictions, the RNV was intermediate
between the annual and IWG treatments in respect to its soil car-
bon flux and C and N storage. Our findings indicate that perennial
crop monocultures have a greater potential for carbon mineraliza-
tion due to greater sequestration than annual cropping practices.
Using perennial grain monoculture instead of annual monoculture
has the potential to help maintain soil health (carbon and nitrogen
levels) and lead to a more sustainable system. Perennial grain
polycultures may achieve even greater levels of carbon and nitrogen
cycling (Crews et al., 2016). Farmers look positively on crops that
can bring about restorative agriculture, and this study gives evidence
that perennial grains can potentially increase total carbon and nitro-
gen (Lanker et al., 2019); however, perennial grains currently pro-
duce less grain than traditional wheat, which can constraint
farmers’ decisions (Pugliese, 2017). While findings from a labora-
tory experiment may not perfectly mirror what is happening in
situ, it can shed light on potential trends and give insight to what
is happening within these environments (Cleveland et al., 2007;
Adekanmbi et al., 2020). In situ soil respiration measurements
would be very useful to evaluate effects of climate and microbial
variation through time on CO2 evolution and other dynamic soil
properties. Another important direction for future research would
include analyses of soils from greater depths to evaluate the import-
ance of deep root proliferation on soil properties.
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