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Ecological nutrient management is a strategy that can help create resilient cropping

systems and reduce the negative impact that agricultural systems have on the

environment. Ecological nutrient management enhances plant-soil-microbial interactions

and optimizes crop production while providing key ecosystem services. Incorporating

perennial legumes into crop rotations and implementing no-till to enhance organic

nitrogen (N) soil pools could reduce the need for inorganic N fertilizer inputs and

lead to improved soil health. Plant and soil N pools need to be further quantified to

understand how to enhance soil health across a range of agroecosystems. This paper

aims to quantify plant and soil N pools in systems contrasting in crop perenniality

(corn–corn, corn–soy, and corn–forage–forage) and tillage intensity (chisel till vs. no-till).

Key plant, soil, and organismal metrics of N cycling were measured including fine

root production, N-Acetyl-B-Gulcosaminidase (NAG) enzyme activity, and soil protein,

nematode enrichment opportunist (fungal and bacterial feeding nematodes) and the

nematode Enrichment Index. Fine root production was determined using in-growth mesh

cores. Findings reveal that monoculture cropping systems with reduced tillage intensity

and rotations with perennial legumes had significantly greater fine root N (FRN), soil

protein and NAG enzyme activity (p < 0.05) relative to corn-soy. Additionally, nematode

bacterivore enrichment opportunists (b1) were significantly reduced in corn-corn systems

when compared to all other crop rotation systems. Correlation analyses indicated positive

and significant relationships between FRN and soil protein (p < 0.05). These results

demonstrate that lengthening crop rotations with perennial legumes and incorporating

no-till management can increase organic N inputs, N mineralization rates, and organic N

storage. Such ecological approaches to management have the potential to reduce the

need for inorganic N inputs, while increasing long-term soil health and crop productivity.
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INTRODUCTION

The conventional approach to nutrient management is to
apply inorganic sources of nitrogen fertilizer to ensure rapid
crop nutrient uptake that maximizes crop yields. Typically,
crops can only take up between one-third to one-half of
the fertilizer that is applied (Robertson and Vitousek, 2009;
Conant et al., 2017). The remaining fertilizer is generally
lost to the environment contributing to eutrophication and
global climate change (Robertson and Vitousek, 2009; Billen
et al., 2013). In contrast, ecological nutrient management
practices aim to optimize crop productivity while simultaneously
enhancing soil fertility and long-term ecosystem sustainability
(Drinkwater and Snapp, 2007a).

While there are numerous definitions and approaches to
ecological nutrient management, here we define it as a form of
management that seeks to foster plant-soil-microbial interactions
that optimize crop production and simultaneously provide
ecosystem services such as improved soil health and nutrient
retention. In contrast, we classify conventional systems as those
that depend on the use of inorganic nutrient additions and
disruptive tillage practices to maintain yields. Ecological nutrient
management provides a framework toward enhancing food
production and increasing resilience, which is sorely needed
due to accelerated population growth and climate change. The
United Nations sustainability goals remind us that 8.2% of the
world lives in extreme poverty and that 26.4% suffer from
food insecurity (UN Sustainable Development Goals, 2020).
Additionally, the effects of climate change continue to impact
agricultural production around the world (Agovino et al., 2019).
Thus, while access to safe and nutritious food must increase, it is
no longer feasible to approach agriculture through the single lens
of maximizing crop production. Ecological nutrient management
could serve as a sustainable solution to food production around
the world and serve as an effective way to reach the United
Nations Sustainability Goal 2.4, which seeks to ensure sustainable
food production and resilient agricultural practices that not only
enhance crop production but also help to maintain ecosystems
that strengthen the capacity for climate adaptation and improved
soil quality (UN Sustainable Development Goals, 2020).

However, questions remain on the best ways to quantify
nutrient pools, especially under the umbrella of Ecological
Nutrient Management, which is essential for understanding
which agroecosystems are most effective at boosting yields while
enhancing soil health. Furthermore, the improvement of nutrient
pools that contribute to soil health and long-term sustainability is
essential for building resilient agroecosystems. The conventional
model for managing nutrients within agricultural systems focuses
solely on inorganic nutrient pools, inhibiting nitrification and
dentification, and fertilizing to match crop N uptake (Drinkwater
and Snapp, 2007a). However, these management strategies have
been shown to produce unsustainable yields, develop systems
that cannot withstand stressful conditions, and promote nutrient
leaching and run-off (Syswerda et al., 2012; Jungers et al., 2019).
Management strategies that encompass an ecological approach
may provide a solution through shifting the focus to enhancing
rhizosphere interactions. Specifically, management strategies

than can maintain nutrient reservoirs for plant access, promote
both organic and inorganic nutrient pools, enhance microbial
mineralization, and reduce the size of inorganic nutrient pools
have the potential to increase ecosystem resilience (Drinkwater
and Snapp, 2007a). Crop diversification is one agricultural
management practice that fits well within the ecological nutrient
framework because it has been shown to maximize nutrient
assimilation and produce increased yields under climatic stress
(Bowles et al., 2020). However, the specific interactions between
plant and soil nutrient pools within systems of varying crop
diversity have yet to be quantified. In addition, reduced tillage
intensity is another management practice that fosters and
ecological approach. Specifically, no-till systems can enhance
nutrient reservoirs for plant-uptake through greater aggregation
caused by reduced mechanical disturbance (Jiao et al., 2006).

There have long been attempts to assess ecological nutrient
management within the rhizosphere to gain a deeper
understanding of how belowground processes can support
crop productivity (Drinkwater and Snapp, 2007b; Zhang et al.,
2017a). That said, these reviews have approached rhizosphere
dynamics largely from the standpoint of which management
practices can best increase rhizosphere processes and have been
vague on the best ways in which to accurately quantify organic
nutrient pools, such as the organic nitrogen (N) pool. In truth,
advancements in soil health methodologies in recent years have
helped bolster our understanding of nitrogen cycling within the
rhizosphere (Moebius-Clune et al., 2008; Hurisso et al., 2018b).

For instance, fine root production plays a vital role in
rhizosphere dynamics through maintaining organic N pools.
Specifically, fine roots serve as a large source of N within
rhizosphere systems and the fast turnover of fine roots can
allow for N retention (Gordon and Jackson, 2000; Sprunger
et al., 2018). Furthermore, the N supply provided by fine
roots is essential for plant biogeochemical functions and can
stimulate microbial growth and enhance N mineralization and
the release of soluble N that can be used for plant growth within
the rhizosphere (Gordon and Jackson, 2000; Jackson, 2000).
Ecological nutrient management practices such as perenniality,
have also been shown to produce a greater pool of fine root N
relative to annual root systems (Dietzel et al., 2015; Sprunger
et al., 2018). Moreover, the extensive root systems of perennial
crops also allows for a greater N use efficiency (Sprunger
et al., 2018). Therefore, diversifying cropping systems using
perennial crops may enhance N sinks that can contribute
to plant–microbe–soil N cycling and reduce the need for N
fertilizer additions (Crews and Peoples, 2005; Dawson et al., 2008;
Sprunger et al., 2018).

Quantifying soil N in agricultural systems is challenging as
these pools constantly change over the course of a growing
season. Moreover, when soil N is tested, most metrics only
measure the inorganic forms of N. This leaves several key
N pools unquantified, including the organic pool of N a key
component of soil organic matter (Hurisso et al., 2018a). While
other tests have been developed to measure important fluxes on
soil N, including mineralizable N and potentially mineralizable N
incubations, these tests still do a poor job of reflecting biologically
available pools of N (Hurisso et al., 2018b). Recent efforts have
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led to the development of soil protein, which is a rapid soil
health indicator that can effectively quantify the primary pool of
organically bound N in soil (Hurisso et al., 2018b). Soil protein
is a sensitive soil health indicator that can detect differences
across a wide range of agroecosystems and has been shown to be
strongly correlated withmaize yields (Roper et al., 2017; Sprunger
et al., 2018, 2020). In addition to soil protein, the rate of N
mineralization in soil systems can function as an indicator of
the quality of organic matter deposits and the rate of nutrient
availability for plant use in soil systems. Enzyme activity of N-
Acetyl-B-Glucosaminidase (NAG) can also serve as an important
measure N mineralization within a system, as well as represent
the functional capacity of soil microbial communities.

A major principle of ecological nutrient management is
to assess dynamic interactions between organisms and their
environment. Quantifying certain microfauna, such as nematode
communities, presents an opportunity to not only understand
community structure but also ecological function (Laakso et al.,
2000; Ferris et al., 2001; Yeates, 2003). Since nematodes range
in trophic complexity, they can provide insight into nitrogen
cycling (Ferris, 2010). Specifically, bacterial feeders and fungal
feeders that are in entry level decomposition channels (colonizer-
persister groups 1 and 2), respond rapidly to influxes of
resources because of their short life-cycles, and thus benefit
more from resource subsidy (Bongers, 1990; Zhang et al.,
2017b). Furthermore, bacterivore and fungivore nematodes prey
on primary decomposers and can alter the mineralization
rates of nutrients needed for plant growth. N mineralization
rates can be significantly affected by bacterivore and fungivore
grazing as they excrete NH+

4 and spread bacteria and fungi
through the soil (Ingham et al., 1985; Chen and Ferris, 1999;
Okada and Ferris, 2001). Thus, quantifying the abundances
of enrichment opportunist bacterivores (b1) and fungivores
(f 2) can indicate N mineralization throughout the soil food
web (DuPont et al., 2009).

Here we seek to assess crop productivity and soil health by
quantifying key above and belowground N pools in systems that
have been managed conventionally vs. ecologically for almost six
decades. The trial consists of conventionally managed systems
that use chisel tillage and monoculture crops such as continuous
corn (Zea mays) and ecological nutrient based systems that
include corn rotated with perennial legumes under no-till. The
specific objectives are to (1) evaluate N cycling in agroecosystems
contrasting in crop rotational diversity and tillage intensity by
quantifying plant and soil organic pools of N. (2) Investigate the
relationship between nitrogen pools and crop productivity across
all systems.

MATERIALS AND METHODS

Site Description
This study took place at The Northwest Crop Rotation Trial of
The Ohio State University (established 1963). The Northwest
Crop Rotation hereafter referred to as Hoytville, is located at
Custar Wood County, OH at 41◦13′N, 83◦45′W. The Northwest
soil series is a Hoytville Clay Loam and the taxonomic class is
a fine, illitic mesic Mollic Epiaqualf. The site is a deep poorly

drained soil with a slope range of 0–1% with high shrink
swell potential.

Experimental Design
The site is arranged as a full factorial, randomized complete
block design, with three blocks and plots being 30.5 × 6.4m.
The tillage treatment consisted of two different tillage intensities:
no-till (NT) and chisel till (CT). No-till is zero tillage with the
residue of the previous year left on the field. In contrast, chisel
till is performed in the spring with 30% of the residue from the
previous crop, where the soil is disturbed down to 12 cm. The
crop rotation treatment consisted of three levels: corn–corn (Zea
mays); corn–soybean (Glycine max) (CS); and a corn–forage–
forage (CFF) rotation. The corn was planted in first half of June
2020. For the first 55 years of the experiment, the forage crop in
the CFF system consisted of alfalfa (Medicago sativa). However,
in 2019, the cropping system changed to include a mix of oats
(Avena sativa) and red clover (Trifolium pretense), where the
forage systemwas harvested once in October previous to planting
with corn the following spring. This entire study was conducted
during the corn phase of each rotation. All corn plots regardless
of tillage and crop rotation were fertilized with urea (34–45 kg
ha−1) during corn pre-planting in the Spring. Additionally, N
fertilizer was added during the V5 corn stage (202 kg ha−1).
Phosphorus and potassium was applied depending on soil test
results. In 2020, the seeding rate for corn was∼84,014 seeds ha−1.

Aboveground Biomass
Three whole corn plants were randomly collected from each corn
plot 2 weeks before grain was removed inOctober, 2020. The stalk
and grain were dried and weighed. Next, the stalk was chipped,
and subsamples for each plot were then collected and analyzed
for N content using a Costech ECS 2010 CHNSO elemental
analyzer. Aboveground biomass (kg/ha−1) (ABB) was calculated
by multiplying the weight of one plant by the number of plants
per hectare (Equation 1). Aboveground N (kg ha−1) (ABN) and
was calculated by multiplying the ABB with the concentration of
N (g kg−1).

ABB = (weight of 1 plant kg)×(84, 014 plants/ha) (1)

Fine Root Biomass
Three ingrowth mesh cores were placed into each corn plot 2
weeks post corn emergence to measure the fine root biomass
produced by the corn plant during the current growing season
(Ontl et al., 2013; Sprunger et al., 2017). In certain cropping
systems, ingrowth mesh cores have been found to overestimate
fine root biomass, that said, such ingrowth mesh cores are still
an excellent method for quantifying fine roots and comparing
system level differences (Ontl et al., 2013). Ingrowth cores were
made from plastic mesh with a hole size of 2mm. The plastic
mesh was stapled to form a cylinder of 5 cm in diameter ×

13 cm long and the bottom was closed with a plastic cap. Soil
cores were taken with hammer probes that had the same cylinder
length as the mesh plastic cores. Soil was sieved to 4mm and
sand was then added in a 3:1 volume based soil to sand ratio.
Ingrowth mesh cores were then filled and placed upright into the
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5 cm dimeter × 13 cm depth holes. Stratified random sampling
was used in which two ingrowth mesh cores were placed 1.9 cm
from the harvest rows and one ingrowth mesh core was placed
within one of the harvest rows on each plot in the given site.
The ingrowth mesh cores were extracted at the same time as the
aboveground biomass. Ingrowth mesh cores were extracted next
to the whole corn plants that were collected for aboveground
biomass 2 weeks before grain was removed in October 2020.
After extraction cores were refrigerated (4◦C) until processing.
Corn fine roots were processed by a hydropneumatic elutriation
and were washed free of soil over a 1mm sieve. Fine root
biomass (FRB) was dried at 60◦C for 48 h, weighed, ground
to a powder with a mortar and pestle for determination of
N concentrations using a CN Elemental Analyzer (Elementar
Americas; Mt. Laurel, NJ). Fine root biomass (kg ha−1) was
calculated as the fine root core biomass (B) divided by the core
area (CA) multiplied by 10,000 cm2/m2 (Equation 2). Fine root
N (kg ha−1) (FRN) was calculated by multiplying the FRB (kg
ha−1) with the concentration of N (g kg−1).

FRB = 10, 000cm2/m2
×(

B

CA
) (2)

Soil Sampling
Soil samples were collected twice over the course of the growing
season: 2 weeks post planting and just prior to corn harvest.
Fifteen soil cores (1.9 cm diameter) were collected down to 10 cm
in each plot to make one composite sample. Stratified random
sampling was used to collect the soil, in which random soil
samples were taken that encompassed the entire plot (Parsons,
2017). Soils were subsampled for elemental and nutrient analysis
(5 g), soil moisture (45 g), soil texture (50 g), soil protein (40 g),
and enzyme activity analysis (10 g).

Soil Property Analysis
Soils were sent to Spectrum Analytics (Washington Court
House, OH) for elemental and nutrient analyses, which included
organic matter and pH. Soil organic matter was determined
via loss on ignition (Combs and Nathan, 1998). Soil moisture
was determined using fresh soil (45 g), that was then dried at
105◦C for 24 h, and finally weighed (Supplementary Table 1).
Soil texture was assessed using the protocol adapted from
(Gee and Bauder, 1986). In summary, the soil was separated
into particle size of sand (0.05–2.00mm), silt (0.002–0.05mm),
and clay (<0.002mm) through determining the differences on
settling rates by Stoke’s Law. Soils were pretreated with sodium
hexametaphosphate to enhance the separation and dispersion of
soil aggregates and a hydrometer was used to measure the density
of soil particles in suspension at specific periods of time.

Soil Protein Analysis
Soil protein, which measures the labile pool of N within the
soil was determined using methods adapted from Hurisso et al.
(2018b). Prior to analysis soils were air dried for 2 days
immediately after sampling and on the third day samples were
dried in a desiccator at 40◦C for 24 h. After drying, samples
were sieved and ground to 2mm. Then, sodium citrate solution
(24ml) was added to the soil (3 g), shaken for 5min, autoclaved

for 30min at 121◦C, cooled for 40 mins, shaken for 30 mins, then
the solution (1.5ml) was transferred to a clean centrifuge tube
and centrifuged for 3 mins. Soil protein was quantified using the
colorimetric bicinchoninic-acid (BCA) assay (Thermo Scientific,
Pierce, Rockford, IL) in a 96-well spectrophotometric plate reader
at 562 nm.

Enzyme Sample Processing
N-Acetyl-β-Glucosaminidase (NAG) was measured using the
protocol adapted from Tabatabai (1994) and Deng and Popova
(2011). Prior to the analysis soils were sieved to 4mm and
refrigerated at 4◦C until analyses was performed. Briefly,
duplicates of soil (1 g) were placed within an Erlenmeyer flask
and NAG Acetate buffer (4ml) was added. Then 1ml of p-
nitrophenyl-N-Acetyl-β-D glucopyranoside substrate was added
to each flask. The sample control was prepared through the same
procedure, except no substrate was added to the flask. All samples
were then incubated at 37◦C for 1 h. After incubation 1ml of
0.5M CaCl2 and 4ml [Tris (hydroxymethyl) aminomethane]
THAM (pH 12) were added to terminate the reaction. Then, p-
nitrophenyl-N-Acetyl-β-D glucopyranoside substrate (1mL) was
added to all control samples. The soil suspension was filtered,
and the absorbance was measured at 415 nm. Enzyme activity
was calculated using a calibration curve of standards containing
0, 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1,000 nmol
of p-nitrophenol.

Nematode Identification and Calculations
Free-living nematodes are soil microfauna which can detect
changes in nutrient enrichment and thus indicate N cycling
within varying systems. Free-living nematodes were extracted
using the elutriation method (Oostenbrink, 1960). In summary,
100 cc of soil sample was soaked for 24 h, thoroughly stirred,
passed through the elutriator, and the solution was collected in
50ml centrifuge tubes. Next, the solution was processed using
the centrifugal sugar flotation method (Hooper et al., 2005). The
total number of nematodes were counted in each sample under
a microscope at 50× magnification and 100 individuals were
identified to family at 100–400×. If the sample contained <100
nematodes all individuals were identified. Nematode counts were
expressed as the number of nematodes in each soil fraction
(100 g of dry soil fraction). Each nematode was classified as an
adult or juvenile to allow the determination of the population
stage structure. Nematode taxa was assigned to trophic groups
(Yeates, 2003) and functional guilds (Bongers and Bongers,
1998). The Enrichment Index (EI) was calculated using NINJA
(Sieriebriennikov et al., 2014). The bacterial feeders cp-1 (b1)
and fungal feeders cp-2 (f 2) nematode groups were calculated
through the sum of the abundance of all b1 or f 2 of nematode
feeding groups within each sample (DuPont et al., 2009).

Statistical Analysis
Normality of data was assessed through the use of studentized
residuals plots with MASS in R (Venables and Ripley, 2002). For
FRB, FRN, ABB, and ABN, a randomized complete block design
Analysis of Variance (ANOVA) was conducted using the PROC
MIXED procedure SAS v.9. Means separation was conducted
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TABLE 1 | Organic matter mean and (SE) (n = 3), sand, silt, clay, and pH mean (SE) (n = 3) sampled in October 2020 from systems comparing three different crop

rotations and two tillage intensities.

Rotation Tillage Organic matter (g kg−1) Sand (%) Silt (%) Clay (%) pH

Corn–corn Chisel 25 (0.1) b 55 4 41 5.7 (0.2)

Corn–soy Chisel 28 (0.1) b 21 59 20 5.9 (0.2)

Corn–forage–forage Chisel 26 (0.2) b 29 43 28 5.6 (0.1)

Corn–corn No-till 35 (0.3) a 33 28 39 5.7 (0.3)

Corn–soy No-till 29 (0.2) b 35 25 40 5.8 (0.1)

Corn–forage–forage No-till 37 (0.3) a 28 25 47 6.0 (0.1)

Lower-case letters represent significant differences at p < 0.05.

TABLE 2 | Mean and (SE) (n = 3) of biomass and nitrogen content for total aboveground production and fine root production sampled at harvest (October 2020) from a

long-term trial comparing tillage and crop rotational diversity in Northwest Ohio.

Rotation Tillage Aboveground biomass Aboveground N Fine root biomass Fine root N

(kg ha−1) (kg N ha−1) (kg ha−1) (kg N ha−1)

Corn–corn Chisel 16,669 (2,291) 300.2 (63.9) 3,774 (1,187) 32.8 (11.8) b

Corn–soy Chisel 17,122 (1,543) 314.9 (34.4) 5,319 (1,212) 33.1 (6.5) b

Corn–forage–forage Chisel 16,960 (2,979) 335 (101.2) 6,972 (1,672) 30.3 (0.4) b

Corn–corn No-till 19,118 (752) 395.9 (20.1) 8,296 (810) 56.2 (5.3) a

Corn–soy No-till 14,509 (1,818) 272.8 (33.7) 7,068 (3,011) 27.3 (4.7) b

Corn–forage–forage No-till 15,968 (2,067) 341.4 (36.9) 6,269 (762) 69.1 (1.9) a

Means separation reflected by different lower-case letters represents significant differences at p < 0.05.

using lsmeans and significant difference was determined at a
= 0.05. Treatment was treated as a fixed factors and block was
treated as a random factor. For soil protein, NAG, EI, b1, and f2 a
repeated measure randomized complete block design ANOVA
was conducted using PROC MIXED procedure SAS v.9., with
time being the repeatedmeasure variable. Repeatedmeasures was
used to account for the variance within each sampling time point.
Graphing was performed with ggplot2 in R (Wickham, 2016).
Correlations were conducted using the Pearson’s method cor.test
function R 3.1.1 (R Development Core Team, 2020).

RESULTS

Organic Matter, Soil Texture, and pH
Rotation and tillage had a significant effect on organic matter
(p < 0.05). The CC NT and CFF NT systems had significantly
greater organic matter than all other systems (Table 1). Soil
texture was similar between systems, however, NT systems and
CC CT systems appeared to have greater clay content (%) than
CS CT and CFF CT systems (Table 1). Lastly, pH was not
significantly different between systems (Table 1).

Quantification of Plant and Soil Nitrogen
Pools
Belowground N cycling varied between systems of contrasting
tillage intensity and crop rotational diversity. For instance, tillage
and crop rotation both had a significant main effect and there was
also a significant tillage by crop rotation effect on FRN (p< 0.05).
However, tillage was found to have the largest impact on FRN (F

= 11.85; Supplementary Table 2). For instance, the CC NT and
CFF NT systems had significantly greater FRN compared to all
other systems (Table 2). Differences in tillage intensity and crop
rotational diversity did not significantly impact FRB (Table 2).
However, all NT systems and the CFF CT system FRB values
trended higher. Aboveground plant compartments, including
ABN and ABB were greatest in the CC NT systems, however,
there were no significant effects for aboveground plant material
(Table 2).

Soil N cycling was also significantly influenced by tillage
intensity and crop rotational diversity. Tillage, rotation, and
time were found to have significant main effects on soil protein
(p < 0.05). In addition, tillage and rotation had a significant
interaction effect on soil protein, however, tillage (F = 21.1) and
rotation (F = 21.09) main effects were found to have the greatest
impact on soil protein (p < 0.05), relative to the interaction effect
between rotation and tillage (Supplementary Table 3). When
averaged across all rotations, soil protein was 61% greater in
the NT systems relative to the CT systems (Figure 1). The CC
NT and CFF NT systems had significantly greater soil protein
at harvest relative to all other systems and sampling time points
(Figure 1). During planting all CS systems and CC CT systems
were found to have reduced soil protein. In harvest, all CT
systems and CS NT systems had reduced soil protein when
compared to all other systems. Between planting and harvest soil
protein increased in CC NT and CFF NT systems.

Rotation and time both had significant main effects on
NAG activity (p < 0.05). In addition, tillage and time had
a significant interaction effect on NAG activity (p < 0.05).
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FIGURE 1 | Soil protein (g kg−1) of three different crop rotations (corn–corn, corn–soy, corn–forage–forage) under no-till and chisel till treatments during two sample

time points: planting (May 2020) and harvest (October 2020) (n = 3). Error bars represent one standard error of the mean. Means separation reflected by lower-case

letters represent significant differences at p < 0.05 across all systems and time points.

However, rotation was found to have the greatest impact on
NAG activity, when compared to all other factors (F = 8.09)
(Supplementary Table 2). NAG enzyme activity was greatest in
CFF CT systems during planting relative to all other systems in
both planting and harvest (Figure 2). During planting CC NT
systems had significantly reduced NAG activity. In addition, at
harvest, CS crop rotations appeared to be significantly reduced in
NT and CT systems. When comparing dynamics over the course
of the growing season, NAG activity was found to decrease over
time in all systems except that of CC NT, where NAG activity had
elevated values at harvest.

Rotation had a significant effect on b1 enrichment
opportunists (F = 4.65, p < 0.05; Supplementary Table 2).
Nematode enrichment opportunists (b1) were found to be

significantly greater in CS CT systems during planting when

compared to CC planting, CS NT planting, CC CT harvest,
and CFF CT harvest systems (Table 3). Although time did

not have a significant effect, the abundance of b1 enrichment
opportunists were found to decrease over time in CT treatments,

and increase over time in NT systems. Fungal nematode
enrichment opportunists (f 2) and the EI were not significantly
impacted by tillage or rotation; however, CFF CT systems had
the greatest f 2 abundances and EI (Table 3). Additionally,
f2 abundances and EI were found to remain consistent
over time.

Correlations Between Nitrogen Pools and
Crop Productivity Across All Systems
Correlations were conducted between all plant and soil N pool
indicators at harvest (Table 4). Broadly, positive relationships
were found between most plant and soil N pools. Aboveground
N was found to be positively and significantly correlated to ABB
(Corr = 0.92, p < 0.05). Additionally, ABN had moderate and
positive correlations with soil protein (Corr = 0.37, p > 0.05)
and FRN (Corr = 0.31, p > 0.05). Aboveground biomass was
weakly correlated with all indicators but had more moderate
relationships with FRB (Corr = 0.31, p > 0.05), and FRN
(Corr = 0.2, p > 0.05). Fine root nitrogen was positively and
significantly correlated to soil protein (Corr = 0.60, p < 0.05;
Figure 3A). In addition, FRN had moderate correlations with
NAG (Corr = 0.34, p > 0.05; Figure 3B), FRB (Corr = 0.24,
p > 0.05), and b1 (Corr = 0.50, p > 0.05; Figure 3D). Fine
root biomass had weak relationships with all soil N pools,
except that of a moderate relationship with NAG (Corr =

0.32) and was marginally significant at p < 0.1 (Figure 3C).
NAG activity was found to have a stronger relationship with
soil protein but it was not statistically significant (Corr =

0.63, p > 0.05) and NAG had a moderate relationship with
nematode EI (Corr = 0.33, p > 0.05). Bacterial and fungal
nematode enrichment opportunists had weak relationships to all
soil N pools.
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FIGURE 2 | N-Acetyl-B-Glucosaminidase (ug/mol/h) of three different crop rotations (corn–corn, corn–soy, corn–forage–forage) under no-till and chisel till treatments

during two time points: planting (May 2020) and harvest (October 2020) (n = 3). Error bars represent one standard error of the mean. Means separation reflected by

lower-case letters represent significant differences at p < 0.05 across all systems and time points.

TABLE 3 | Mean and (SE) (n = 3) of the abundance of enrichment opportunist bacterial feeders (b1), abundance of enrichment opportunist fungal feeders (f2), and the

Enrichment Index (EI) from planting (May 2020) and harvest (October 2020) from a long-term trial comparing tillage and crop rotational diversity in Northwest Ohio.

Time Rotation Tillage b1 f2 EI

Planting Corn–corn Chisel 4.3 (2.6) b 1.3 (1.9) 63.3 (32)

Corn–soy Chisel 37.0 (22.1) a 5.0 (5.0) 84.8 (7.7)

Corn–forage–forage Chisel 22.0 (12) ab 2.0 (2.0) 91.9 (4.1)

Corn–corn No-till 10.0 (6.1) b 0.0 (0.0) 64.4 (32)

Corn–soy No-till 1.0 (1.0) b 0.0 (0.0) 65.0 (33)

Corn–forage–forage No-till 27.7 (7.8) ab 5.0 (2.7) 90.3 (8.1)

Harvest Corn–corn Chisel 4.7 (4.2) b 0.3 (0.3) 81.2 (8.6)

Corn–soy Chisel 14.0 (10.0) ab 2.7 (1.8) 86.2 (5.8)

Corn–forage–forage Chisel 6.0 (5.0) b 6.7 (4.8) 76.6 (5.7)

Corn–corn No-till 11.7 (5.8) ab 0.0 (0.0) 76.8 (17)

Corn–soy No-till 26.3 (8.8) ab 2.1 (0.7) 36.2 (26)

Corn–forage–forage No-till 27.0 (15.0) ab 5.0 (3.2) 70.3 (11)

Means separation reflected by different lower-case letters represents significant differences at p < 0.05 across all systems and timepoints.

DISCUSSION

Here we used a long-term trial to examine how important
organic N pools differ in systems that have been historically
managed through the lens of conventional vs. ecological nutrient
management. Specifically, we quantified plant and soil N pools
in agroecosystems contrasting in crop rotational diversity and
tillage intensity. In addition, this study aimed to investigate the
relationship between N pools and crop productivity. Systems
that incorporated perennial legumes and reduced tillage intensity

enhanced belowground fine root N, N mineralization, and
organic N pools. Crop productivity was also positively correlated
with belowground N cycling, with fine root N being positively
correlated to aboveground biomass.

Ecological Nutrient Management Enhances
Belowground Plant Nitrogen Pools
We found that belowground N pools of FRN were greater
under the no-till systems, where perennial legumes also played
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TABLE 4 | Pearson’s correlation coefficients (r) between plant and soil nitrogen pool indicators at harvest 2020.

NAG EI FRB ABB FRN ABN b1 f2

Soil protein 0.63 0.08 0.22 0.20 0.60* 0.37 0.11 0.05

NAG 0.33 0.34† 0.16 0.34† 0.22 −0.03 0.02

Enrichment −0.20 0.13 0.03 −0.02 −0.12 0.08

FRB 0.31 0.24 0.25 0.06 −0.20

ABB 0.23 0.92* 0.25 −0.31

FRN 0.31 0.50 0.15

ABN 0.20 −0.25

b1 0.33

†
Significant at 0.10 probability level.

*Significant at 0.05 probability level.

FIGURE 3 | Pearson’s correlations between key nitrogen pools across contrasting agroecosystems (A) NAG (ug/mol/h) and FRB (kg ha−1). (B) NAG (ug/mol/h) and

FRN (kg ha−1). (C) Soil protein (g kg−1) and FRN (kg ha−1). (D) Enrichment opportunists (b1) and FRN (kg ha−1 ). The different systems are differentiated by shapes

and colors, whereby shapes reflect tillage intensity and color represents crop rotational diversity.

a key role, identifying elevated levels under CFF relative to CS
rotations. Leguminous perennials have greater fine root quality,
and these nutrient deposits may have had an apparent legacy
effect, through stimulating the quality of fine roots during the

corn phase of the rotation (Frankenberger and Abdelmagid,
1985; Johnson et al., 2007; Tiemann et al., 2015). Generally,
annual legume rotations in both intensities were found to have
reduced FRN, which may have been due to the previous soybean
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crop depositing limited belowground biomass, thus reducing
the amount of organic N deposited into the labile N pool and
decreasing the N available for uptake in the corn crop rotation
(Johnson et al., 2007; King et al., 2020). The elevated levels of
FRN found within the NT systems, was most likely caused by
decreased disturbance enhancing aggregate stability, which can
result in greater organic N storage (McDaniel et al., 2014; King
et al., 2020). Greater FRN indicates a faster turnover of fine
roots, which primes the microbial pool and results in the rapid
release of N into the soil system, thus alleviating N limitations
(Gardner and Drinkwater, 2009; Dietzel et al., 2015; Tiemann
et al., 2015; White et al., 2017; Jilling et al., 2018). Furthermore,
the close proximity of fine roots to the soil can allow for greater N
accrual through N deposits becoming enmeshed and protected in
microaggregates (Rasse et al., 2005; Cates et al., 2016; Cates and
Ruark, 2017). Although this study did not find differences among
systems in aboveground plant N pools, belowground plant N
pools are immensely important for long-term sustainability.
For instance, Pugliese et al. (2019) found that belowground N
deposited by perennial legume crops can be used toward plant
re-growth. Specifically, greater FRN inputs can boost N organic
pools and provide a greater amount of plant-available N during
critical periods of corn growth, thus allowing for more efficient
crop N uptake and yield (Culman et al., 2013; Osterholz et al.,
2018; Pugliese et al., 2019). Our results therefore indicate that
the use of a perennial legume in a crop rotation, rather than an
annual legume, with reduced tillage intensity can enhance soil
health through providing greater belowground organic N inputs.

Soil Nitrogen Pools Are Consistently
Greater in Systems With Perennial
Legumes
Soil N pools, which were measured through soil protein,
NAG activity, and nematode enrichment opportunists were
persistently greater in systems with perennial legumes, thus
indicating improved soil health through organic N storage, and
N mineralization. Labile pools of organic N within each system
were measured using soil protein and were found to be greater
in CC and CFF NT systems. This study also indicates that over
the course of the growing season labile N pools increased in
systems with the incorporation of a perennial legume. Similar to
our findings other studies have also reported that the addition
of a perennial legume in crop rotation systems may have also
increased bulk N pools (Drinkwater et al., 1998; Jarecki and Lal,
2003; Grandy and Robertson, 2007; Carranca et al., 2015). The
increases of soil protein within these systems may be caused by
greater organic N inputs from perennial roots within the crop
rotations (Cates et al., 2016; Sprunger et al., 2018). Enhanced
labile N pools within systems with perennial legumes and less
disturbance can increase soil quality, through increasing organic
N storage and reducing N losses (Blesh, 2018, 2019). Specifically,
perennial legumes have been shown to increase the amount of
N in microaggregates (Tiemann et al., 2015). Moreover, labile N
represents a pool that can also be easily accessed by soil organisms
and made readily available to plants (Hurisso et al., 2018a). Thus,
increasing the labile N pool also indicates a greater amount of

organic N that can be utilized by subsequent crops (Blesh and
Drinkwater, 2013). The increased organic N storage in systems
of greater perenniality can also lead to reduced inorganic N
additions (Bowles et al., 2020).

Systems where perennial legumes were incorporated also
had greater N mineralization, which demonstrates the ability
of these systems to provide greater N for crop uptake thus
increasing crop productivity and soil health. Specifically, CFF
rotations were found to have greater NAG enzyme activity, which
represents the rate of microbial nutrient uptake and the chemical
transformation of N (Tabatabai, 1994). In this study, the increase
in NAG activity may be caused by perennial legumes within the
crop rotation increasing substrate availability through enhanced
N inputs (Geyer et al., 2016; Jilling et al., 2018). Additionally,
our study indicated that CS rotations had reduced NAG enzyme
activity, which may be caused by reduced biomass inputs from
the previous soy crop, which decreased substrate availability
for enzymes (McDaniel et al., 2014; Cates and Ruark, 2017).
Our results indicated that the use of a perennial legume in
annual crop rotations can augment N mineralization, which
leads to improved soil health. That said, numerous other studies
have found that lengthening rotations with annual legumes can
also successfully enhance N pools and soil health (McDaniel
et al., 2014; Tiemann et al., 2015; Perrone et al., 2020). The
incorporation of legume cover crops has been shown to increase
labile N pools relative to monocultures. For example, Liebman
et al. (2018) found that hairy vetch (Vicia villosa var. AU Early
Cover, HV) was successful at contributing the greatest levels of N
into a corn based system relative to other cover crops, resulting in
greater levels of inorganic N. Greater N pools in more diversified
systems is likely due to the response of microbial communities
leading to larger nutrient pools and enhanced soil quality (Bach
and Hofmockel, 2015; Kallenbach et al., 2015). Enhanced enzyme
activity in diverse systems has also been shown to positively affect
aggregate formation and therefore lead to greater N retention
(Tiemann et al., 2015; Austin et al., 2017).

In general, the nutrient enrichment opportunist values were
highly variable and it was diffecult to detect an overall trend.
That said, our results indicate that the CS system had a
greater supply of N and enhanced nutrient enrichment than
compared to CC at planting. Similarly, DuPont et al. (2009)
also found greater b1 abundances in legume cover cropped
systems compared to grain cover cropped systems. Monoculture
systems lack diverse nutrient inputs, which may cause a decline
in nutrient enrichment over time when compared to perennial
and polyculture systems (DuPont et al., 2009, 2010; Tiemann
et al., 2015; Song et al., 2016; Zhang et al., 2017b; Sprunger
et al., 2019a; Wattenburger et al., 2019). More interesting is
that both NAG and soil protein were found to be reduced
in systems where b1 abundances were greater. This finding is
parallel to Ugarte et al. (2013), which concluded that biologically
based indicators may not be as effective as overall soil quality
indicators. The incongruities between soil biological health
indicators and overall soil quality indicators may be caused
by the fact that soil biological indicators are more sensitive to
changes in management and therefore reflect a more current
state of soil function (Culman et al., 2013). These findings

Frontiers in Sustainable Food Systems | www.frontiersin.org 9 November 2021 | Volume 5 | Article 705577

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Martin and Sprunger Belowground Nitrogen Improves Soil Health

have important implications for plant growth, as bacterivore
enrichment opportunists can accelerate the N mineralization
rates and thus N availability for crop uptake (Yeates, 1999; Zhang
et al., 2017b). Additionally, these results indicate that rotational
systems that use a perennial or annual legume may result in
greater N mineralization from soil fauna.

While enzymatic activity and soil protein were consistently
greater in the CFF system, FRN and the enrichment of
bacterial feeding nematodes were equivalent between CFF and
CC systems. Despite these similarities, CFF systems are still
more advantageous from an ecological nutrient management
perspective relative to the CC systems. The perennial legumes
are able to provide additional sources of N due to biological
N fixation, and ultimately enhance N use efficiency within the
crop rotation (Fujita et al., 1992). Roots of perennial legumes can
allocate large amounts of organic N belowground, which can then
be used for subsequent crop uptake from annual systems (Kavdir
et al., 2005; Jungers et al., 2019). This additional source of N
from perennial legumes can then reduce the amount of external
inorganic N fertilizers needed to sustain subsequent corn crop
yields (Yost et al., 2012; Blesh and Drinkwater, 2013).

Interactions Between Plant and Soil
Nitrogen Pools Are Positively Related to
Crop Productivity
This study found that plant–soil N pools, which were elevated
in systems under ecological nutrient management, may result
in enhanced crop productivity and soil health. Our correlation
analysis revealed that ABN had positive relationships with
soil protein, which indicates that enhanced soil quality is
essential for greater crop productivity. These findings are
supported by Glover et al. (2010) reporting that yields
should be increased through enhanced soil quality rather than
increased N fertilization. Moreover, this study indicates that
ecologically managed systems can improve soil protein, thus
indicating that these management strategies can also enhance
crop productivity. We also found a positive relationships
between FRN and soil protein, which indicates that FRN and
soil protein may have a cyclical relationship in which the
enhancement of both belowground plant and soil N pools can
increase crop productivity. Furthermore, FRN was positively
correlated with b1 abundances and NAG, representing a positive
relationship between N mineralization and FRN. These positive
relationships further reaffirm that the enhanced functioning of
soil microbiomes is necessary for the cycling of nutrients and
crop productivity (Griffiths, 1994; DuPont et al., 2009; Jansson
and Hofmockel, 2020). Furthermore, these findings indicate that
improving N cycling between plant and soil pools is essential for
creating agricultural systems that can retain N and sustain yields
(Sprunger et al., 2019b).

Ecological Nutrient Management Provides
a Framework for Resilient Food Systems
Our study found that agricultural practices that fall within the
ecological nutrient management framework such as increased
crop diversity through the use of perennial legumes appear

to play an important role in enhancing nutrient pools that
bolster soil quality. This is especially important as improved
soil quality is a key element within the United Nations
Sustainability Goal 2.4, which seeks to implement agricultural
practices that progressively improve land and soil quality
(UN Sustainable Development Goals, 2020). While ecological
nutrient management practices did not have a clear advantage
in terms of crop production in this study, the increased
organic nutrient pools found in the CFF systems could be
important for prolonged food production and climate resiliency.
In recent years, the Midwestern United States has experienced
enhanced flooding due to extreme rainfall events, which has
been shown to reduce the availability of inorganic N and
substantially reduce crop yields (Alaoui-Sosse et al., 2005;
Yin et al., 2020). Furthermore, increased perenniality within
agroecosystems could provide more flexibility for farmers, where
rotations could remain under forage crops. This could be
especially important in regions where early summer flooding
events prevent the planting of annual row-crops, as was evident
across the Midwestern Corn Belt in 2019 (Lawal et al., 2021).
That said, there are certainly food security trade-offs associated
with leaving rotations under perennial forage, as increased
acreage under forages reduces overall food production for
human consumption (Reckling et al., 2016). For this reason,
it will also be important to consider other types of perennial
crops that could be produced for both grain and forage,
including perennial intermediate wheat grass and perennial
cereal rye (Ryan et al., 2018; Pugliese et al., 2019). Thus,
perennializing agriculture could serve as an effective way toward
meeting sustainable food production goals in the face of
climate change. However, such alterations will take time as
there are currently barriers to breeding, weed management,
and market opportunities in perennial grain cropping systems
(Ryan et al., 2018).

CONCLUSION

Ecological nutrient management strategies including the
incorporation of perennial legumes into crop rotations and
reduced tillage intensity present a solution for creating
resilient agroecosystems because of their ability to enhance
key rhizosphere processes. Our findings demonstrate that
crop rotations that are lengthened with perennial legumes
are capable of increasing belowground organic N inputs,
N cycling through microbial communities and microfauna,
and soil organic N storage. Moreover, perennial legumes in
conjunction with no-till management have the capacity to
increase soil health and sustain crop productivity. That said,
continuous corn systems were also able to sustain certain
soil N dynamics and fine root N levels when compared
to corn rotated with perennial legumes. Despite these
similarities, rotations that include perennial legumes are
still more adventagous from an ecological nutrient management
perspective as such rotations have more efficient N cycling and
are less dependant on external fertilizer inputs. The positive
relationships found between belowground plant N pools, and
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soil N pools demonstrates the need for agroecosystems that
maximize belowground production, as rhizosphere processes
are essential for improved soil health and building resilient
agroecosystems. Perennial crops and legumes in conjunction
with reduced tillage intensity should be considered when
working to design agroecosystems that seek to meet United
Nations Sustainability Goals related to food production and
climate adaptation.
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