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Abstract
Various soil health indicators that measure a chemically defined fraction of nitrogen

(N) or a process related to N cycling have been proposed to quantify the potential

to supply N to crops, a key soil function. We evaluated five N indicators (total soil

N, autoclavable citrate extractable N, water-extractable organic N, potentially miner-

alizable N, and N-acetyl-β-D-glucosaminidase activity) at 124 sites with long-term

experiments across North America evaluating a variety of managements. We found

that 59%–81% of the variation in N indicators was among sites, with indicator values

decreasing with temperature and increasing with precipitation and clay content. The

N indicators increased from 6%–39% in response to decreasing tillage, cover crop-

ping, retaining residue, and applying organic sources of nutrients. Overall, increasing

the quantity of organic inputs, whether from increased residue retention, cover crop-

ping, or rotations with higher biomass, resulted in higher values of the N indicators.

Although N indicators responded to management in similar ways, the analysis cost

and availability of testing laboratories is highly variable. Further, given the strong

relationships of the N indicators with carbon (C) indicators, measuring soil organic

C along with 24-h potential C mineralization could be used as a proxy for N supply

instead of measuring potentially mineralizable N or any other N indicator directly.

1 INTRODUCTION

Nitrogen (N) cycling is a key soil function related to soil

health because the mineralization of soil organic N is essen-

tial for agricultural production and the soil biota (Doran &

Zeiss, 2000). Thus, measurements that capture N cycling are

a component of quantifying soil health. The organic N from

dead plant or microbial biomass or from compounds exuded

by plant roots and microbes is converted into inorganic forms

of N bymicrobes. The rates of theseN transformations depend

on microclimate, substrate availability and composition, and

the microbial community (Li et al., 2019). While these inor-

ganic forms can be taken up by organisms, there are also

microbes that can convert nitrate (NO3
−) to gaseous forms,

including nitrous oxide (N2O), that are emitted from soils

(Davidson et al., 2000). The movement of water through the

soil has the potential to leach soil NO3
−, another form of N

loss from soils. Applying N fertilizer is a way to eliminate the

need for themineralization of organic N and provide inorganic

N to crops, but this fertilizer N is also subject to the same pro-

cesses leading to N losses. In theory, if N can be retained and

supplied from the cycling of the soil organic N pool, then less

fertilizer would be needed.

The overall goal of N management should be to supply the

nutrients necessary for the crop yields while retaining N in

the soils and plants of the agroecosystem. Historically, soil N

measurements have differed for soil fertility and soil health.

Soil fertility tests guide nutrient management across the globe,

but these tests can vary regionally and are based almost exclu-

sively on extractions of inorganic N, mainly NO3
− (Schröder

et al., 2000). The short-term goal for Nmanagement in annual

cropping systems is to optimize the rate, timing, placement,

and source of fertilizer application that maximizes yield and

minimizes costs (van Grinsven et al., 2022). However, nutri-

ent management that minimizes N losses, especially NO3
−

leaching and the N2O emissions, is also desirable. In a soil

health context, indicators measuring organic N pools, N pro-

cesses, or proxies for N pools/processes all intend to measure

the capacity of a soil to supply N rather than the snapshot of

bioavailable N with traditional soil fertility tests. Soil health
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principles, with the goals of minimizing soil disturbance and

maximizing living plant cover, should retain N in living and

dead biomass, effectively increasing the pool of organic N

that could be mineralized. It has been suggested that merg-

ing traditional pre-plant or pre-sidedress fertility testing and

soil health assessment of biological process rates could result

in more accurate fertilizer recommendations (Clark et al.,

2020; Franzluebbers, 2016; McDaniel et al., 2020; Yost et al.,

2018). Although the common methods for nutrient testing for

fertilization are well established, it is imperative to identify

which N indicators are most appropriate for quantifying soil

health.

Several assays have been proposed to provide insight into

soil health in terms of N cycling capacity. One way to

quantify N cycling is with laboratory assays of potential N

mineralization (Schomberg et al., 2009). In addition, other

laboratory assays of potential activity, such as N-acetyl-β-D-
glucosaminidase (NAG) enzyme activity, have been linked

to N mineralization rates (Muruganandam et al., 2009). The

autoclavable citrate extractable protein (ACE) method liber-

ates many proteins that are likely to mineralize over a growing

season (Hurisso et al., 2018) and has been found to be highly

correlated with laboratory net N mineralization (Geisseler

et al., 2019). Organic N compounds that are in the soil solu-

tion, or so weakly sorbed to the exchange surface that they

can be dislodged while shaking with water, have been sug-

gested to be easily transformed by soil microbes to plant

available N forms (Haney et al., 2018). Finally, total soil N

(TN) may provide an assay of the amount of N that can be

mineralized as it encompasses all the potential substrate for

N mineralization, especially at large spatial scales. In general,

N indicators are thought to have a ’more is better’ relation-

ship to soil health (Andrews et al., 2004). Although all these

measurements relate to N cycling, they have never been com-

pared across a range of soils and climates to determine their

potential effectiveness as soil health indicators.

Soil health carbon (C) indicators may also be useful for

predicting N cycling. TN is well known to be highly corre-

lated with soil organic C (SOC), one of the most commonly

measured soil health indicators. The water-extractable C and

N pools have also been found to be highly correlated (Haney

et al., 2012). Further, rates of potential C and Nmineralization

have also been shown to be related (Franzluebbers & Persh-

ing, 2020; Haney et al., 2012). Thus, it may be possible to

understand both soil C and N cycling with a more limited

number of soil health indicators. These C and N indicators are

known to be related to soil functions, but in order to be useful,

they must also meet the following criteria: be responsive to

management, be easy and inexpensive to collect and measure,

and be interpretable by land managers (Doran & Zeiss, 2000).

These N indicators cannot capture every reaction related to N

cycling, but they could provide insight into the soil N cycling

capacity.

Core Ideas
∙ Nitrogen indicators of soil health vary predictably

across North America with climate and soil tex-

ture.

∙ The response to soil health practices is similar

across all indicators.

∙ There are strong correlations among nitrogen indi-

cators, but also between carbon and nitrogen

indicators.

∙ Soil organic carbon and 24-h carbon mineraliza-

tion potential can be used to capture nitrogen

cycling.

These indicators of pools and potential activity related to

N have been studied at individual sites, or at a handful of

sites, in some cases for decades. In some cases, multiple N

indicators have been studied at the same site. It can be diffi-

cult to compare across studies because different soil collection

or laboratory analysis methods were used in different stud-

ies or different depths were collected. Comparisons can also

be complicated by the ephemeral and site-specific nature of

N cycling. The goal of the present study was to identify soil

health indicators best suited to characterize N cycling at a con-

tinental scale using soil data collected with the same field and

laboratory methods as part of the North American Project to

Evaluate Soil Health Measurements (NAPESHM). The first

objective was to determine if absolute values of the soil N

indicators varied predictably across North America based on

inherent site factors (climate, soil texture, and pH). The sec-

ond objective was to determine if the soil N indicators were

responsive to management. The final objective was to evalu-

ate the relationships among the soil N indicators and between

soil N and soil C indicators to determine if amore limited suite

of soil health indicators could effectively quantify soil health.

2 MATERIALS AND METHODS

2.1 Experimental design and data
collection

The experimental design, sites, treatments, and sampling

strategy for NAPESHM have been described previously

(Liptzin et al., 2022; Norris et al., 2020). The indicator selec-

tion process began in 2013, as part of the “Soil Renaissance”

initiated by the Samuel Roberts Noble Foundation and the

Farm Foundation. Over multiple years, experts from the pub-

lic and private sector participated in series of workshops and

surveys to come upwith a list of effective soil health indicators
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based on whether the indicators (1) responded to manage-

ment and (2) provided insight into soil function. From this

list, a panel of soil health experts was commissioned by the

Soil Health Institute to determine the most appropriate labora-

tory method for each indicator. The site selection began when

scientists volunteered to have their long-term agricultural

experiments included in the project. An expert panel reviewed

the submissions based on experimental design and geographic

distribution, resulting in the selection of 124 long-term agri-

cultural research sites in the major agricultural regions of

Mexico, United States, and Canada. Each site had at least

two experimental treatments with one to six replicates of each

treatment. We collected soils from 2032 experimental units

(EUs) at 124 sites, but 20 EUs at two sites lacked sufficient

management data to include in the statistical analysis. The

2012 EUs with management data represented 688 treatments.

We collected soils from February 2019 to July 2019, aim-

ing to sample just prior to planting in annual-cropping sites,

except for six sites that could not be sampled until Septem-

ber 2019. Composite soil samples were collected with a soil

knife to a 15-cm depth from three sides of a hole dug with

a flat spade. Soils were collected from four to six locations

depending on the size of the plot scattered in a zig-zag pattern

across the EU. Samples were kept in a cooler or refrigerator

until shipping and usually arrived at the laboratory within 3

days of sampling. Following sample collection, we compiled a

thorough management history for each treatment: tillage tim-

ing and equipment; the timing, amount, and type of nutrients

applied; the presence or absence of cover crops; and the yield

for each crop.

Mean annual temperature and precipitation were calculated

for each site from Daymet using the daily weather data from

2010 to 2019 (Thornton et al., 2016). The sites spanned 36˚

of latitude and 59˚ of longitude with mean annual temper-

atures and precipitation ranging from 3˚C to 25˚C and 178

to 1773 mm year−1, respectively. Irrigation, when present,

was quantified on an annual basis and added to mean annual

precipitation.

2.2 Analytical methods of nitrogen soil
health indicators

All soils were air dried and sieved to 2 mm prior to analy-

sis. Total C and N were analyzed on oven dried (55˚C) and

ground soils by dry combustion in a NC2100 (CE Instru-

ments) soil analyzer (Nelson & Sommers, 1996). To quantify

ACE protein, air dried soil was shaken with a sodium citrate

solution, autoclaved at 121˚C for 30 min and centrifuged. The

concentration of proteins in the supernatant was quantified

by colorimetric reaction with bicinchoninic acid (Wright &

Upadhyaya, 1996). The potential N mineralization was mea-

sured as potentiallymineralizable N (PMN): the concentration

of ammonium (NH4
+) after a 7-day anaerobic incubation

at 40˚C (Bundy & Meisinger, 1994). After incubating, the

soils were extracted with 2 M KCl and the concentration

of NH4
+ was measured on a Lachat (Hach) flow injection

autoanalyzer (Bundy & Meisinger, 1994). While N mineral-

ization in situ often occurs in oxic conditions, an incubation

with an N2 headspace makes the soil environment more

homogeneous and limits transformation of NH4
+ to NO3

−

or other forms of N (Drinkwater et al., 1997). N-acetyl-β-
D-glucosaminidase is a hydrolytic enzyme that breaks the

glycosidic bonds in the chitin polymer N-acetylglucosamine

resulting in the release of amino sugars. The NAG assay

(Deng & Popova, 2011) is a colorimetric determination of p-
nitrophenol released during the incubation of field moist soil

with p-nitrophenyl-N-acetyl-β-D-glucosaminide in an acetate

buffer at pH 5.5.

Dissolved forms of N were quantified with two extracts:

H3A or water. Subsamples of soil (4 g) were shaken for

5 min with 40 mL of water and H3A in 50-mL centrifuge

tubes (Haney et al., 2006). Both extracts were centrifuged

and decanted prior to analysis for inorganic N (NO3
− and

NH4
+) on a flow injection analyzer (Seal Analytical) (Bundy

& Meisinger, 1994). Water-extractable organic N (WEON)

was measured with an Apollo 9000 (Teledyne Tekmar) with

WEON calculated as the difference between total extractable

N and inorganic N (Haney et al., 2012).

The SOC, TN, and PMN were analyzed by the Soil Water

and Environmental Laboratory at Ohio State University, ACE

was measured at the Cornell Soil Health Laboratory, and

WEON and NAG were measured at Ward Laboratory in

Kearney, NE.

2.3 Data analysis

The data analysis was performed in RStudio Version

2021.09.1 (R studio), using base functions unless specified.

Statistical significance was considered at p < 0.05. The vari-

ation in the dataset was explored in two ways using data from

individual EUs. To explore the variation of each indicator, a

nested model was used to partition the variance among sites,

among treatments within sites, and among field replicates

within treatments, using the lme4 package (Bates et al., 2015).

Using the 63% of treatments with at least three field replicates,

within treatment variation was assessed with the coefficient of

variation.

Prior to any further data analysis, the distribution of the

N indicators was explored with histograms (Figure 1). Based

on the distributions, all the soil health indicators were log

10 transformed for correlation and regression analyses. We

explored the relationships among the N indicators with a

matrix of the Pearson correlation coefficients for the log-

transformed treatment means. To explore the relationship

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



872 LIPTZIN ET AL.

F IGURE 1 Histograms of nitrogen indicators. ACE, autoclavable citrate extractable protein (mg protein g−1); Soil C:N, ratio of soil organic

carbon to total soil nitrogen; NAG, N-acetyl β-D-glucosaminidase (mg pNP kg−1 h−1); PMN, potentially mineralizable nitrogen (mg N kg−1); TN,

total soil nitrogen (%); WE C:N, ratio of water-extractable organic carbon to water-extractable organic nitrogen; WEON, water-extractable organic

nitrogen (mg N kg−1).

between the site means of the N indicators and inherent

site characteristics, we used a multiple regression model

approach. We predicted the log transformed site means of

each of the indicators using five site characteristics: clay

content, sand content, pH, temperature, and precipitation

(+irrigation). All five predictors were included in the final

model regardless of their significance. We quantified the

relationships among similar C and N indicators using linear

regression. The analytical methods for the C indicators (SOC,

water-extractable organic C, β-glucosidase, and 24-h potential

C mineralization) can be found in Liptzin et al. (2022).

To determine the response of the N indicators to man-

agement, we used a meta-analysis approach. We compared

pairs of treatments within sites whose management was

identical except for one of six soil health promoting prac-

tices: decreased tillage, organic nutrients, cover cropping,

crop count, rotation diversity, and residue retention. The type

and frequency of the tillage equipment was cataloged for

each treatment, and a standard tillage intensity rating (STIR)

value for each operation that disturbed the soils was assigned

(USDA-ARS, 2022). Decreased tillage (160 treatment pairs,

51 sites) was a comparison of treatments that differed only

in the maximum STIR value or the sum of the STIR values

for that rotation. Cover crop presence (21 treatment pairs, 10

sites) was a comparison between a treatment with at least one

cover crop (a crop that persisted for less than 1 year and was

not harvested) in the rotation relative to a treatment with no

cover crops. Organic nutrient addition (31 treatment pairs,

12 sites) was a comparison of treatments where biosolids,

compost, or manure were used to supply the N, phosphorus,

or both versus commercially available fertilizer. Crop count

(199 treatment pairs, 33 sites) was a comparison between

rotations with the same crop grown every year (e.g., contin-

uous corn) to rotations with at least two different harvested

crops (e.g., corn–soybean) across all years of the rotation.

Rotation diversity (63 treatment pairs, 24 sites) was a com-

parison between rotations with only grains (e.g., continuous

corn, wheat–sorghum) to a rotation with other types of crops,

typically legumes, but also canola, safflower, or cotton. Treat-

ments with fallow years were excluded. Residue retention

(54 treatment pairs, 14 sites) compared treatments where the

amount of residue retained was greater in at least 1 year of the

rotation.

At some sites, more than one treatment pair was included

for a soil health practice (e.g., two crop rotations that each had

tillage treatments). Controlling for site as a random factor, we

tested if there was a significant difference in each soil health

indicator from the adoption of each of the six soil health prac-

tices compared to the conventional practice. In addition to the

five N indicators, we also tested the SOC to TN ratio (soil
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TABLE 1 Percentage of variance for log transformed nitrogen

indicators among sites, among treatments within sites, and within

treatments.

Nitrogen
indicator

Among
sites (%)

Among
treatments (%)

Within
treatments (%)

TN 81 9 10

PMN 67 21 12

ACE 78 15 7

WEON 66 18 16

NAG 59 24 17

Abbreviations: ACE, autoclavable citrate extractable protein; NAG, N-acetyl β-D-
glucosaminidase; PMN, potentially mineralizable nitrogen; TN, total soil nitrogen;

WEON, water-extractable organic nitrogen.

C:N) and the water-extractable C:N ratios. The meta-analysis

was performed with the metafor package using log response

ratios as the metric on untransformed treatment means and

variances (Viechtbauer, 2010). The soil health treatments (the

numerator of the log response ratio) were decreased tillage,

cover cropping, organic nutrients, more than one crop for

crop count, a rotation with crops other than grains, and more

residue retained. To further compare the responses of the N

indicators to decreased tillage, we used a principal compo-

nent analysis on the site-averaged log response ratios using

the prcomp function and the correlation matrix in the vegan

package (Oksanen et al., 2019). We also used the same meta-

analysis approach to examine the effects of fertilization on

N indicators. We evaluated eight treatment pairs at five sites

using organic nutrients and 39 treatment pairs at 18 sites using

commercial fertilizer that compared treatments with zero N

controls to typical fertilization rates.

3 RESULTS AND DISCUSSION

3.1 Variability

Site was the dominant source of variation for all the N indica-

tors, accounting for 59% of the variance in NAG up to 81% of

the variance in TN (Table 1). For the within-site variance, the

variance was typically about the same or slightly lower among

replicate plots within treatments compared to the variance

among treatments (Table 1). Exploring the within treatment

variation further, the absolute amount of variation differed

among the N indicators. The coefficient of variation was low-

est for the indicators of N pools (ACE: 11%; TN: 12%, and

WEON: 15%) andwas higher for the indicators of N processes

(PMN: 18% and NAG: 26%) (Figure 2).

The multiple regression models predicting N indicators

from the suite of inherent site factors were always significant

with R2 values ranging from 0.20 for NAG up to 0.59 for ACE

(Table 2). Temperaturewas themost consistent predictor, with

all the N indicators increasing with decreasing temperature.

Three of the five N indicators were positively related to clay

(TN, WEON, and NAG) and precipitation (TN, ACE, and

PMN), and only one indicator was negatively related to sand

(PMN) and pH (ACE).

Given that soil organisms and biological processes are sen-

sitive to temperature, moisture, and pH, it is not surprising that

site was the dominant variance component (Fierer & Jackson,

2006; Lützow & Kögel-Knabner, 2009). Nor is it surprising

that inherent site factors could predict site-level means of the

N indicators (Table 2). An analysis of C indicators in the

NAPESHM dataset resulted in similar conclusions: site-level

variance was the largest variance component and a negative

relationship with temperature was the most consistent rela-

tionship with indicators (Liptzin et al., 2022). Global studies

have found that TN matches patterns in SOC, but even taking

this relationship into account, other site factors like texture

and climate are also significant predictors (Glendining et al.,

2011; Post et al., 1985). There are no global datasets for ACE,

but in the United States, significant differences in ACE were

reported among classes of soil texture (Fine et al., 2017). This

differs from the NAPESHM dataset which found no linear

relationship between either clay or sand content and ACE.

Although Fine et al. (2017) reported significant differences

among regions of the United States, there was no explicit

test of any climate variables. Soil organic matter, tempera-

ture, and pH were significant predictors of NAG at the global

scale, but soil texturewas not tested as a predictor (Sinsabaugh

et al., 2008). In the NAPESHM dataset, temperature and clay

were significant predictors. In the multiple regression mod-

els for NAPESHM, sand, temperature, and precipitation were

significant predictors of PMN. Precipitation, but not clay or

temperature, was found to be correlated with PMN in a global

meta-analysis (Li et al., 2019). While the significant site-level

predictors of N indicators in the NAPESHM dataset were not

identical to those reported in the literature, in part because the

suite of predictors in the models varied across studies, these

inherent site characteristics account for a large fraction of the

variation in N indicators across sites.

3.2 Management

The N indicators generally increased in response to soil health

practices except for cash crop diversity (Figure 3). All five

N indicators significantly increased in response to the use

of organic nutrients (22%–28%) and residue retention (13%–

38%), all but PMN significantly increased in response to

decreased tillage (6%–11%), and all butWEON increased sig-

nificantly in response to cover cropping (12%–47%). While

there have been many meta-analysis studies on the response

of C indicators to management (Liptzin et al., 2022), there

are few studies including multiple sites for N indicators. One
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874 LIPTZIN ET AL.

F IGURE 2 Coefficient of variation for nitrogen (N) indicators calculated for within treatment variability in treatments with at least three

replicates. ACE, autoclavable citrate extractable protein; C:N, ratio of soil organic carbon to TN; NAG, N-acetyl β-D-glucosaminidase; PMN,

potentially mineralizable nitrogen; TN, total soil nitrogen; WE C:N, ratio of water-extractable organic carbon to water-extractable organic nitrogen;

WEON, water-extractable organic nitrogen. The box represents the 25th to 75th quartiles and the line within the box is the median. Whiskers

represent 1.5 times the interquartile range and the circular symbols are shown for treatments above 1.5 times the interquartile range.

TABLE 2 Relationship between inherent site characteristics and log transformed nitrogen indicators.

Nitrogen
indicator Sand Clay pH Temperature Precipitation Adjusted R2

TN + – + 0.55

PMN – – + 0.39

ACE – – + 0.59

WEON + – 0.29

NAG + – 0.20

Note: A plus and minus symbol indicate a significant positive and negative effect, respectively, in a multiple regression model. The adjusted R2 is for the multiple regression

model with all five site characteristics regardless of whether they were significant.

Abbreviations: ACE, autoclavable citrate extractable protein; NAG, N-acetyl β-D-glucosaminidase; PMN, potentially mineralizable nitrogen; TN, total soil nitrogen;

WEON, water-extractable organic nitrogen.

exception is that increases in PMN in response to reduc-

tions in tillage and use of cover crops have been reported

(Mahal et al., 2018). Although pre-plant NO3
− is one of the

most common soil measurements and a useful indicator of

fertility needs (Clark et al., 2020), the H3A extractable inor-

ganic N measurements did not respond to the four practices

considered and would not be useful as soil health indicators

(Figure 4). None of the N indicators responded to crop count,

which compared monocultures to rotations with at least two

cash crops of any kind. Rotation diversity, which compared

rotations of only annual grain crops to rotations with grain

crops and other annual crops, had a significant negative effect

on TN (−4%), PMN (−12%), and ACE (−9%). Mahal et al.

(2018) found that PMN increased with crop diversity, but

only in rotations with three or more monoculture cash crops

compared to a single species grown every year. None of the

soil health practices affected soil C:N and only organic nutri-

ents altered water-extractable C:N. The responses of the N
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LIPTZIN ET AL. 875

F IGURE 3 Percent change in soil health indicator in response to each management. Black symbols are means and whiskers represent 95%

confidence limits. ACE, autoclavable citrate extractable protein; Soil C:N, ratio of soil organic carbon to total soil nitrogen; NAG, N-acetyl
β-D-glucosaminidase; PMN, potentially mineralizable nitrogen; TN, total soil nitrogen; WE C:N, ratio of water-extractable organic carbon to

water-extractable organic nitrogen; WEON, water-extractable organic nitrogen.

F IGURE 4 Percent change in H3A-extractable nitrate and ammonium in response to each management. Black symbols are means and

whiskers represent 95% confidence limits.
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876 LIPTZIN ET AL.

F IGURE 5 Principal components analysis of the relationship

among response ratios for nitrogen indicators to tillage. ACE,

autoclavable citrate extractable protein; NAG, N-acetyl
β-D-glucosaminidase; PMN, potentially mineralizable nitrogen; TN,

total soil nitrogen; WEON, water-extractable organic nitrogen.

indicators to decreased tillage were highly consistent as all

fiveN indicators had positive loadings on the first axis (61% of

the variance) of the principal components analysis (Figure 5)

There were no positive responses to either of the tests of

cash crop diversity. None of the N indicators showed any

response to crop count, suggesting that having more than one

species in a rotation was not sufficient to cause change in

the N indicators. The most common comparison for rotation

diversity, that is, a more diverse rotation with at least one

non-grain annual crop versus an annual grain crop, was corn–

soybean compared to continuous corn. For rotation diversity,

the responses to management were more mixed: TN, ACE,

and PMN were significantly lower with rotation diversity,

but WEON and NAG did not exhibit a significant response

(Figure 3). Several studies reporting data from multiple sites

have found that corn–soybean rotations resulted in lower SOC

compared to continuous corn (Liptzin et al., 2022; West &

Post, 2002), which aligns with our findings that TN also

decreased and soil C:N remained constant. Difference in

litter composition between corn and soybeans have been sug-

gested as drivers of the declines in C and N pools because

of changes in microbial activity; the N-rich soybean litter

increases microbial biomass leading to greater capacity to

decompose the N-poor corn litter (Hall et al., 2019). There is

also a long history of quantifying differences in N dynamics in

corn–soybean systems compared to continuous corn, but the

typical result is that N mineralization is greater after the soy-

bean crop in fieldmeasurements (Gentry et al., 2001). Perhaps

some of the difference in N dynamics is due to the lower N fer-

tilization rates and the lower biomass produced in the soybean

year of a corn–soybean rotation along with the greater residue

in continuous corn rotations (Poffenbarger et al., 2017). There

are also likely effects of the differences in the chemistry of the

residue between corn and soybean (Green&Blackmer, 1995).

The overall effect of rotation on N indicators is equivocal, but

rotation may affect some N pools and processes.

While the dominant source of variation of the N indica-

tors was among sites, there were detectable within-site effects

associated with most of the soil health practices. Most N

indicators increased in response to decreasing tillage, cover

cropping, retaining residue, and using organic sources of

nutrients (Figure 3). The magnitude of the effect size from

management for the N indicators (i.e., signal) was generally

lower for the N indicators of pools (TN, ACE, and WEON)

and higher for measures of microbially regulated processes

(PMN and NAG). However, the 95% confidence limits of the

response ratios (i.e., noise), similar to the coefficient of vari-

ation within a treatment, were also higher for the microbial

processes as well. In other words, process-based measure-

ments were noisier but showed greater signal in response to

management. Thus, all N indicators were capable in detecting

change frommanagement, the sensitivity of which is a balance

between signal and noise.

The N indicators also increased in plots receiving typical

rates of inorganic fertilizer or organic fertilizer compared to

unfertilized control plots, with the exception of PMN for com-

mercial fertilizer, as the 95% confidence limits just barely

overlapped zero (Figure 6). All indicator responses were

smaller for inorganic fertilizer (7%–27% higher) compared to

organic nutrients (48%–86% higher). The NAG assay showed

the largest response to inorganic fertilizer, which is somewhat

surprising as a meta-analysis found that enzymes associated

with N acquisition, like NAG, did not have a significant

response to N fertilization in natural ecosystems or farmland,

perhaps because N fertilization alleviated N limitation (Jian

et al., 2016). Perhaps the significant effect observed in the

NAPESHM dataset is because the increase in biomass pro-

duction resulting from fertilization counteracts the increased

soil N. Fertilization did not affect the soil C:N, but the con-

trol plots had 5% lower water-extractable C:N compared to

organic nutrients.

While it is not surprising that fertilization was found

to affect N dynamics, as the treatments receiving nutrient

management from manure or commercial fertilizer gener-

ally exhibited significantly greater values of soil N indicators

compared to the unfertilized controls, it is not obvious why

sites with more N input as commercial fertilizer would also

have greater PMN. Mahal et al. (2018) suggested that the

increased plant biomass inputs associated with fertilization at

the recommended rates could lead to greater PMN. Increased
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LIPTZIN ET AL. 877

F IGURE 6 Percent difference in fertilized compared to unfertilized controls for commercial fertilizer and organic nutrients. Black symbols are

means and whiskers represent 95% confidence limits. ACE, autoclavable citrate extractable protein; Soil C:N, ratio of soil organic carbon to total soil

nitrogen; NAG, N-acetyl β-D-glucosaminidase; PMN, potentially mineralizable nitrogen; TN, total soil nitrogen; WE C:N, ratio of water-extractable

organic carbon to water-extractable organic nitrogen; WEON, water-extractable organic nitrogen.

N fertilizer has also been known to increase net N miner-

alization regardless of changes in plant biomass inputs in a

phenomenon known as N priming (Jenkinson et al., 1985).

However, gross ammonification has been shown to be inhib-

ited by N fertilization (Mahal et al., 2019). The cause of

the lower PMN observed in the corn–soybean compared to

continuous corn rotations and the unfertilized compared to

fertilized crops may have the same underlying cause. While

it is well established that corn yields are greater in corn–

soybean systems than in continuous corn systems, that is, the

corn yield penalty, continuous corn does add more residue

to the soil. That is, while corn stover would be higher in the

corn year of the corn–soybean system, a less productive corn

crop in continuous corn still producesmore residue, especially

with optimal fertilization, than a soybean crop (Jarchow et al.,

2015; Poffenbarger et al., 2017). The residue retention, cover

cropping, and organic nutrient treatments also result in greater

organic matter inputs to soils and were associated with greater

PMN. While the C:N ratio of these added organic materials

varies, they all led to increase soil carbon without a change

in soil C:N ratio. Decreasing tillage does not necessarily add

more organic matter to the soil, but it does cause vertical strat-

ification of soil organic matter, with more organic matter in

the surface soil where soil health measurements are typically

made (Franzluebbers, 2002). The observed increase in PMN

from fertilization is consistent with the hypothesis of Mahal

et al. (2018) and the results of the meta-analysis in this study

that PMN increases in response to increased organic matter

inputs to soils.

One other puzzling result of the treatment comparisons was

the lack of significant effects of soil health practices on soil

C:N and water-extractable C:N (Figures 3 and 6). With the

exception of a decrease in water-extractable C:N in the com-

parisons of organic nutrients and unfertilized controls, there

were no significant effects of added nutrients on these ratios in

any comparison. There are global patterns in soil C:N driven

by climate and biome (Cleveland & Liptzin, 2007). Similarly,

changing the vegetation type by planting forests on non-forest

land was found to change the mineral soil C:N (Shi et al.,

2016). Studies at one or a few sites have shown that cover

cropping (Hubbard et al., 2013) and decreased tillage (Lou

et al., 2012) can result in changes to soil C:N, but these stud-

ies only examined the top few cm of soil. There are fewer

examples of large datasets, but in a studywith 11 sites compar-

ing tillage treatments, only four showed a significant change

in soil C:N (Blanco-Canqui & Lal, 2008). Export of dis-

solved organic C and N is different in agricultural land than

forest land, (Mattsson et al., 2009), and the water-extractable

C:N has been found to vary in response to crop rotation

(Xu, Wilson et al., 2013), but much less is known about how
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878 LIPTZIN ET AL.

TABLE 3 Correlation matrix for log transformed treatment

means of nitrogen indicators.

Nitrogen
indicator TN PMN ACE WEON NAG
TN 1

PMN 0.79 1

ACE 0.74 0.69 1

WEON 0.61 0.54 0.32 1

NAG 0.61 0.63 0.50 0.62 1

Note: All correlations are significant at p < 0.001.

Abbreviations: ACE, autoclavable citrate extractable protein; NAG, N-acetyl β-D-
glucosaminidase; PMN, potentially mineralizable nitrogen; TN, total soil nitrogen;

WEON, water-extractable organic nitrogen.

management can affect the water-extractable C:N in cropland

soils. There is still much to learn about the sources and roles of

WEON in the soil as it represents a mixture of compounds like

amino acids produced by extracellular enzyme activity that

are taken up by plants and microbes and complex molecules

that are not readily metabolized (Neff et al., 2003). In sum-

mary, soil health practices, except those related to cash crop

diversity, resulted in significant increases in N indicators, but

not changes in either of the C:N ratios.

Finally, there is great interest in understanding how changes

in soil health indicators due to the adoption of soil health

management are related to yield. These relationships are com-

plicated as soil health practices have been found to increase

both yields and PMN without a correlation between yields

and PMN (Mahal et al., 2018). At present, there is not even

a consensus on whether the adoption of soil health practices

should result in changes in yields or yield stability (Miner

et al., 2020). It has also been suggested that the adoption of

soil health practices increases farm profitability regardless of

any yield effects (Bagnall et al., 2021). While these relation-

ships could be explored with the NAPEHSM database, such

an analysis is beyond the scope of this study.

3.3 Relationship of C and N indicators

The N indicators were moderately to strongly linearly related

with each other. The weakest relationship was between ACE

and WEON (r = 0.32), and the strongest was between PMN

and TN (r = 0.79) (Table 3). The indicators of N pools were

strongly associated with parallel C indicators. More than 90%

of the variance in TN could be predicted from SOC, and 80%

of the variance in WEON could be predicted from water-

extractable organic C (Figure 7). Similarly, indicators of N

processes were also associated with indicators of C processes:

55% of the variance in NAG could be predicted from β-

glucosidase (BG) activity, and 56% of the variance in PMN

could be predicted from 24-h potential C mineralization.

The NAPESHM results highlight how strongly associated

the C and N indicators of soil health are across broad spa-

tial scales. That SOC and TN are strongly correlated should

not come as a surprise as there are extensive global datasets

demonstrating this relationship (Xu, Thornton et al., 2013).

While BG and NAG activity are suggested to be more related

to C and N acquisition, respectively, and respond to different

drivers of substrate availability, they are typically correlated

when examined across multiple sites (Waring et al., 2014) or

when management within a site varies (Kanté et al., 2021).

Much less is known about WEOC and WEON in cropland

soils across sites, but the limited evidence suggests they are

correlated (R. Haney et al., 2012). There are many examples

of strong relationships between potential C and N mineral-

ization rates (Franzluebbers, 2018; R. L. Haney et al., 2008;

Pehim Limbu & Franzluebbers, 2022). In the NAPESHM

dataset, 24-h Cmineralization on its own could predict 56% of

the variance in PMN, but if SOC or TNwere also included in a

multiple regression model, about 70% of the variance in PMN

could be predicted. This matches the findings of Schomberg

et al. (2009) that more rapid and widely available indicators,

like C mineralization and TN, could predict PMN.

While N (and C) indicators of soil health capture emer-

gent properties of the C and N dynamics of these systems,

there is still much to learn about the mechanisms that are

driving these observed changes. Most N cycling is happening

where plants, microbes, and soil mineralsmeet suggesting that

analysis at the microscale is needed (Daly et al., 2021). Fur-

ther examination of the breakdown of plant and microbially

derived organic N and the sorption–desorption reactions of

these molecules on mineral surfaces should provide insights

into how and why these N indicators are changing. Similarly,

metagenomic approaches can provide a window into which

organisms and genes relevant to N cycling are responding to

soil health management (Hu et al., 2021). Finally, isotopic,

molecular, and metagenomic techniques may help clarify the

unexplained variation in soil health indicators across sites

and treatments by measuring rates of individual processes or

abundances of particular genes.

4 CONCLUSIONS

This continental scale-assessment provides guidance to stake-

holders on how to choose N indicators related soil health.

These indicators had been selected for testing because they

had been previously identified to be directly or indirectly

related to the soil function of N cycling. All the N indicators

varied predictably with climate and soil texture, meaning that

the absolute values of these indicators are context dependent.

Further work across the diversity of soils of North America

is needed to interpret the absolute values of the indicators.

However, the consistent response to soil health management
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LIPTZIN ET AL. 879

F IGURE 7 Log-log relationships between nitrogen indicators and related carbon indicators with r2 for the regression of log transformed

variables. ACE, autoclavable citrate extractable protein; BG, β-glucosidase; Cmin-24, 24-h potential carbon mineralization; NAG, N-acetyl
β-D-glucosaminidase; PMN is potentially mineralizable nitrogen; TN is total soil nitrogen; WEOC is water-extractable organic carbon; WEON,

water-extractable organic nitrogen.

suggests that changes in the relative values of the N indicators

can be interpreted over time in a field or across fields with

similar soils and climates. Given the similarity of the indica-

tor responses to inherent factors and management, choosing a

recommended N indicator for producers to measure at scale

would depend more on the other criteria, that is, easy to use,

cost to collect and measure at commercial laboratories, and

interpretability by land managers (Doran & Zeiss, 2000). For

example, the most direct indicator of a soil’s capacity to cycle

N, PMN, requires a relatively lengthy anaerobic incubation

and is not the most widely available measurement at com-

mercial laboratories. There may be examples, like testing soil

health N indicators combined with fertility measurements to

improve nutrient management, where measuring one or mul-

tiple N soil health indicators is required. However, PMN,

the most direct indicator of the capacity for N cycling, can

be predicted from SOC combined with potential C miner-

alization, the recommended C indicators from NAPESHM

(Liptzin et al., 2022). Given the strong relationships between

all the indicators of C and N pools and processes, measuring

N indicators in addition to these two C indicators would be

redundant for evaluating soil health. By limiting the recom-

mended measurements needed to capture C and N dynamics

to SOC and potential C mineralization, the cost of quanti-

fying soil health would be much more affordable for land

managers.

AUTHOR CONTR IBUT IONS
Daniel Liptzin: Conceptualization; formal analysis; investi-

gation; methodology; visualization; writing—original draft;

writing—review and editing. Elizabeth L. Rieke and
Shannon B. Cappellazzi: Conceptualization; investigation;
methodology; writing—review and editing. G. Mac Bean;
Kelsey L. H. Greub; and Charlotte E. Norris: Con-

ceptualization; investigation; methodology. Michael Cope:
Conceptualization; data curation; investigation; methodology.

Paul W. Tracy: Conceptualization; investigation; methodol-

ogy; project administration. Ezra Aberle, Oscar Bañuelos
Tavarez, Andy I. Bary, R. L. Baumhardt, Alberto Bor-
bón Gracia, Daniel C. Brainard, Jameson R. Brennan,
Dolores Briones Reyes, Darren Bruhjell, CameronN. Car-
lyle, James J. W. Crawford, Cody F. Creech, Steve W.
Culman, Bill Deen, Curtis J. Dell, Justin D. Derner, Sjo-
erdW. Duiker,Miles F. Dyck, Benjamin H. Ellert,Avelino
Espinosa Solorio, Ann-Marie Fortuna, Lisa M. Fultz,
Audrey V. Gamble, Charles M. Geddes, Deirdre Griffin-
LaHue, Stephen K. Hamilton, Xiying Hao, Zachary D.
Hayden,NoraHonsdorf, Julie A.Howe, JamesA. Ippolito,

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



880 LIPTZIN ET AL.

Gregg A. Johnson, Mark A. Kautz, Newell R. Kitchen,
Sandeep Kumar, Kirsten S. M. Kurtz, Francis J. Larney,
Katie L. Lewis, Matt Liebman, Stephen Machado, Bijesh
Maharjan, Miguel Angel Martinez Gamiño, William E.
May, Mitchel P. McClaran, Neville Millar, Jeffrey P.
Mitchell, Amber D. Moore, Philip A. Moore, Manuel
Mora Gutiérrez, Kelly A. Nelson, Emmanuel C. Omondi,
Shannon L. Osborne, Leodegario Osorio Alcalá, Phillip
Owens, Brenda Ponce Lira, Jennifer R. Reeve, Timothy
M. Reinbott, Mark S. Reiter, Edwin L. Ritchey, Yichao
Rui, Amir Sadeghpour, Gregg R. Sanford, William F.
Schillinger, Robert R. Schindelbeck, Meagan E. Schipan-
ski, Alan J. Schlegel, Kate M. Scow, Lucretia A. Sherrod,
Amy L Shober, Sudeep S. Sidhu, Ernesto Solís Moya,
Jeffrey S. Strock, Andrew E. Suyker, Virginia R. Sykes,
Haiying Tao, Alberto Trujillo Campos, Tony J. Vyn, Dex-
ter B. Watts, and David L. Wright: Investigation; resources.
Amanda Ashworth, Thomas F. Ducey, Robert S. Dungan,
MartinH. Entz, Steven J. Fonte, SimonFonteyne, Jamie L.
Foster, JohnH. Grove,Marshall D.McDaniel,EugeniaM.
Pena-Yewtukhiw,Hanna J. Poffenbarger,Kraig L. Rooze-
boom, Upendra M. Sainju, Mervin St. Luce, Laura L.
Van Eerd, Harold M van Es, Nele Verhulst, Yutao Wang,
and Tiequan Zhang: Investigation; resources; writing—

review and editing. Antonio Lopez Ramirez: Methodol-

ogy; resources. Cristine L. S. Morgan: Conceptualization;
investigation; methodology; project administration; writing—

review and editing.C.WayneHoneycutt: Conceptualization;
funding acquisition; methodology.

AFF IL IAT IONS
1Soil Health Institute, Morrisville, North Carolina, USA

2North Dakota State University Carrington Research Extension Center,

Carrington, North Dakota, USA

3USDA ARS Poultry Production and Product Safety Research Unit, Fayet-

teville, Arkansas, USA

4International Maize and Wheat Improvement Center (CIMMYT), Texcoco,

México

5Department of Crop and Soil Sciences, Washington State University, p,

Puyallu, Washington, USA

6USDA ARS Soil and Water Management Research Unit, Bushland, Texas,

USA

7Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias

(INIFAP), Coyoacán, México

8Department of Horticulture, Michigan State University, East Lansing,

Michigan, USA

9South Dakota State University West River Ag Center, Rapid City, South

Dakota, USA

10Agriculture and Agri-Food Canada, Edmonton, Alberta, Canada

11Department of Agriculture, Food and Nutritional Science, University of

Alberta, Edmonton, Alberta, Canada

12University of Missouri Extension Agricultural Engineering, Rock Port,

Missouri, USA

13University of Nebraska-Lincoln Panhandle Research and Extension Center,

Scottsbluff, Nebraska, USA

14School of Environment & Natural Resources, The Ohio State University,

Wooster, Ohio, USA

15Department of Plant Agriculture, University of Guelph, Guelph, Ontario,

Canada

16USDA ARS Pasture Systems & Watershed Management Research Unit,

University Park, Pennsylvania, USA

17USDA ARS Rangeland Resources and Systems Research Unit, Cheyenne,

Wyoming, USA

18USDA ARS Coastal Plains Soil, Water and Plant Research Center,

Florence, South Carolina, USA

19Department of Plant Science, Pennsylvania State University, University

Park, Pennsylvania, USA

20USDA ARS Northwest Irrigation and Soils Research Laboratory, Kim-

berly, Idaho, USA

21Department of Renewable Resources, University of Alberta, Edmonton,

Alberta, Canada

22Agriculture and Agri-Food Canada Lethbridge Research and Development

Centre, Lethbridge, Alberta, Canada

23Department of Plant Science, University of Manitoba, Winnipeg, Mani-

toba, Canada

24Sustentabilidad Agropecuaria Querétaro-SAQ, Santiago de Querétaro,

México

25Department of Soil and Crop Sciences, Colorado State University, Fort

Collins, Colorado, USA

26USDA ARS Grazinglands Research Lab, El Reno, Oklahoma, USA

27Texas A&M AgriLife Research, Beeville, Texas, USA

28School of Plant, Environment & Soil Sciences, Louisiana State University,

Baton Rouge, Louisiana, USA

29Department of Crop, Soil and Environmental Sciences, Auburn University,

Auburn, Alabama, USA

30Department of Crop and Soil Sciences, Washington State University,

Mount Vernon, Washington, USA

31Department of Plant and Soil Sciences, Research and Education Center,

University of Kentucky, Princeton, Kentucky, USA

32W.K. Kellogg Biological Station, Michigan State University, Hickory

Corners, Michigan, USA

33Kiel University Institute of Crop Science and Plant Breeding, Kiel,

Germany

34Department of Soil and Crop Sciences, Texas A&M AgriLife Research,

College Station, Texas, USA

35Southern Research and Outreach Center, University of Minnesota, Waseca,

Minnesota, USA

36USDAARSSouthwestWatershedResearchCenter, Tucson, Arizona, USA

37USDA ARS USDA-ARS Cropping Systems and Water Quality Research

Unit, Columbia, Missouri, USA

38Department of Agronomy, Horticulture and Plant Science, South Dakota

State University, Brookings, South Dakota, USA

39Department of Soil and Crop Sciences, Cornell University, Ithaca, New

York, USA

40Department of Soil and Crop Sciences, Texas A&M AgriLife Research,

Lubbock, Texas, USA

41Department of Agronomy, Iowa State University, Ames, Iowa, USA

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



LIPTZIN ET AL. 881

42Centro de Bachillerato Tecnológico Agropecuario No. 305 (CBTA 305),

Molcaxac, México

43Columbia Basin Agricultural Research Center, Oregon State University,

Adams, Oregon, USA

44Agriculture and Agri-Food Canada, Indian Head Research Farm, Indian

Head, Saskatchewan, Canada

45School of Natural Resources & the Environment, University of Arizona,

Tucson, Arizona, USA

46Davis Department of Plant Sciences, University of California, Parlier,

California, USA

47Department of Crop and Soil Science, Oregon State University, Corvallis,

Oregon, USA

48Division of Plant Sciences, University of Missouri, Novelty, Missouri,

USA

49Department of Agricultural and Environmental Sciences, Tennessee State

University, Nashville, Tennessee, USA

50USDA ARS North Central Agricultural Research Laboratory, Brookings,

South Dakota, USA

51USDA ARS USDA-ARS Dale Bumpers Small Farms Research Center,

Booneville, Arkansas, USA

52Davis College of Agriculture, Natural Resources and Design,West Virginia

University, Morgantown, West Virginia, USA

53Department of Plant and Soil Sciences, University of Kentucky, Lexington,

Kentucky, USA

54Universidad Politécnica de Francisco I. Madero (UPFIM) Ingeniería

Agrotecnología, Tepatepec, México

55Soils and Climate Department, Utah State University Plants, Logan, Utah,

USA

56University of Missouri Bradford Research Center College of Agriculture,

Food, and Natural Resources, Columbia, Missouri, USA

57Virginia Tech Eastern Shore Agricultural Research and Extension Center,

Painter, Virginia, USA

58Department of Plant and Soil Sciences, UKResearch and Education Center,

University of Kentucky, Princeton, Kentucky, USA

59Department of Agronomy, Kansas State University, Manhattan, Kansas,

USA

60Rodale Institute, Kutztown, Pennsylvania, USA

61Southern Illinois University Crops, Soils, and Environmental Management

Program, School of Agricultural Sciences, Carbondale, Illinois, USA

62USDA ARS Northern Plains Agricultural Research Laboratory, Sidney,

Montana, USA

63Department of Agronomy, University of Wisconsin, Madison, Wisconsin,

USA

64Washington State University Dryland Research Station, Lind, Washington,

USA

65SWResearch-Extension Center, Kansas State University, Tribune, Kansas,

USA

66Davis Department of Land, Air, and Water Resources, University of

California, Davis, California, USA

67USDA ARS Center for Agricultural Resources Research, Fort Collins,

Colorado, USA

68Plant and Soil Sciences, University of Delaware, Newark, Delaware, USA

69University of Florida North Florida Research and Education Center, Live

Oak, Florida, USA

70Agriculture and Agri-Food Canada Swift Current Research and Develop-

ment Centre, Swift Current, Saskatchewan, Canada

71Department of Soil, Water and Climate, SW Research & Outreach Center,

University of Minnesota, Lamberton, Minnesota, USA

72School of Natural Resources, University of Nebraska-Lincoln, Lincoln,

Nebraska, USA

73Department of Plant Sciences, University of Tennessee, Knoxville, Ten-

nessee, USA

74Department of Plant Science and Landscape Architecture, University of

Connecticut, Storrs, Connecticut, USA

75School of Environmental Sciences-Ridgetown Campus, University of

Guelph, Ridgetown, Ontario, Canada

76Department of Soil and Crop Sciences, Cornell University, Ithaca, New

York, USA

77Department of Agronomy, Purdue University, West Lafayette, Indiana,

USA

78Agriculture and Agri-Food Canada, Harrow Research and Development

Center, Harrow, Ontario, Canada

79USDA ARS National Soil Dynamics Laboratory, Auburn, Alabama, USA

80North Florida Research and Education Center, University of Florida,

Quincy, Florida, USA

ACKNOWLEDGMENTS
Names of laboratories and equipment were given to pro-

vide specific information and do not constitute endorsement

by the authors. We would like to thank Cornell Soil Health

Laboratory, Soil Water and Environmental Lab at The Ohio

State University, and Ward Laboratories for performing anal-

ysis on samples and their contributions to this study. The

NAPESHM project is part of a broader effort titled, “Assess-

ing and Expanding Soil Health for Production, Economic,

and Environmental Benefits.” The project is funded by the

Foundation for Food and Agriculture Research (grant ID

523926), General Mills, and The Samuel Roberts Noble

Foundation. The content of this publication is solely the

responsibility of the authors and does not necessarily rep-

resent the official views of the Foundation for Food and

Agriculture Research. The authors acknowledge the following

individuals and groups for their contribution to the long-

term research sites: William Bryan, Joshua Heitman, April

Leytem, Mark Liebig, Deanna Osmond, Michael Thompson,

the Center for Environmental Farming Systems in Golds-

boro NC (Melissa Bell, Nancy Creamer, Alan Franzluebbers,

Tomas Moreno, Paul Mueller, Chris Reberg-Horton), and

C.S. Tan, T.W. Welacky, D. Lawrence, M.R. Reeb, M.

Soultani, and K. Rinas from Harrow Research and Devel-

opment Center, Agriculture and Agri-Food Canada. Support

for the sampling by Michigan State University was pro-

vided by the U.S. National Science Foundation’s Long-term

Ecological Research program at the Kellogg Biological Sta-

tion (DEB 1832042), the U.S. Department of Agriculture’s

Long-term Agroecosystem Research program, and MSU

AgBioResearch.

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



882 LIPTZIN ET AL.

CONFL ICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORC ID
Daniel Liptzin https://orcid.org/0000-0002-8243-267X

AmandaAshworth https://orcid.org/0000-0002-3218-8939

CodyF.Creech https://orcid.org/0000-0002-5334-4814

SteveW.Culman https://orcid.org/0000-0003-3985-257X

SjoerdW.Duiker https://orcid.org/0000-0001-7885-7061

Robert S.Dungan https://orcid.org/0000-0002-7560-5560

MilesF.Dyck https://orcid.org/0000-0003-4986-673X

Steven J. Fonte https://orcid.org/0000-0002-3727-2304

SimonFonteyne https://orcid.org/0000-0001-9965-5266

Ann-MarieFortuna https://orcid.org/0000-0002-6966-

7781

JamieL. Foster https://orcid.org/0000-0001-5419-1736

LisaM.Fultz https://orcid.org/0000-0002-2461-6016

AudreyV.Gamble https://orcid.org/0000-0001-9874-

745X

CharlesM.Geddes https://orcid.org/0000-0001-8088-

224X

DeirdreGriffin-LaHue https://orcid.org/0000-0001-5711-

797X

StephenK.Hamilton https://orcid.org/0000-0002-4702-

9017

Julie A.Howe https://orcid.org/0000-0002-7687-309X

JamesA. Ippolito https://orcid.org/0000-0001-8077-0088

Katie L. Lewis https://orcid.org/0000-0001-9393-9284

BijeshMaharjan https://orcid.org/0000-0002-4728-7956

MarshallD.McDaniel https://orcid.org/0000-0001-6267-

7293

AmberD.Moore https://orcid.org/0000-0002-2719-1885

KellyA.Nelson https://orcid.org/0000-0001-8334-7488

PhillipOwens https://orcid.org/0000-0002-5460-8500

Hanna J. Poffenbarger https://orcid.org/0000-0002-7715-

373X

KraigL. Roozeboom https://orcid.org/0000-0003-1225-

5177

LucretiaA. Sherrod https://orcid.org/0000-0002-1537-

2160

AmyLShober https://orcid.org/0000-0002-5490-6284

Sudeep S. Sidhu https://orcid.org/0000-0002-6694-9230

Jeffrey S. Strock https://orcid.org/0000-0001-5357-0638

HaroldM. vanEs https://orcid.org/0000-0001-9822-9476

NeleVerhulst https://orcid.org/0000-0001-5032-4386

Tony J. Vyn https://orcid.org/0000-0001-9860-4475

REFERENCES
Andrews, S. S., Karlen, D. L., & Cambardella, C. A. (2004). The

soil management assessment framework: A quantitative soil quality

evaluation method. Soil Science Society of America Journal, 68(6),
1945–1962. https://doi.org/10.2136/sssaj2004.1945

Bagnall, D. K., Shanahan, J. F., Flanders, A., Morgan, C. L. S., &

Honeycutt, C. W. (2021). Soil health considerations for global food

security. Agronomy Journal, 113(6), 4581–4589. https://doi.org/10.
1002/agj2.20783

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting lin-

ear mixed-effects models using lme4. Journal of Statistical Software,
67(1), 1–48. https://doi.org/10.18637/jss.v067.i01

Blanco-Canqui, H., & Lal, R. (2008). No-tillage and soil-profile car-

bon sequestration: An on-farm assessment. Soil Science Society of
America Journal, 72(3), 693–701. https://doi.org/10.2136/sssaj2007.
0233

Bundy, L. G., & Meisinger, J. J. (1994). Nitrogen availability indices.
In R. W. Weaver, S. Angle, P. Bottomley, D. Bezdicek, S. Smith,

A. Tabatabai, & A. Wollum (Eds.), Methods of soil analysis: Part
2—Microbiological and biochemical properties (pp. 951–984). Soil
Science Society of America.

Clark, J. D., Fernández, F. G., Veum, K. S., Camberato, J. J.,

Carter, P. R., Ferguson, R. B., Franzen, D. W., Kaiser, D. E.,

Kitchen, N. R., Laboski, C. A. M., Nafziger, E. D., Rosen, C. J.,

Sawyer, J. E., & Shanahan, J. F. (2020). Soil-nitrogen, potentially

mineralizable-nitrogen, and field condition information marginally

improves corn nitrogen management. Agronomy Journal, 112(5),
4332–4343. https://doi.org/10.1002/agj2.20335

Cleveland, C. C., & Liptzin, D. (2007). C: N: P stoichiometry in soil: Is

there a “Redfield ratio” for the microbial biomass? Biogeochemistry,
85(3), 235–252. https://doi.org/10.1007/s10533-007-9132-0

Daly, A. B., Jilling, A., Bowles, T. M., Buchkowski, R. W., Frey, S.

D., Kallenbach, C. M., Keiluweit, M., Mooshammer, M., Schimel,

J. P., & Grandy, A. S. (2021). A holistic framework integrating

plant-microbe-mineral regulation of soil bioavailable nitrogen. Bio-
geochemistry, 154(2), 211–229. https://doi.org/10.1007/s10533-021-
00793-9

Davidson, E. A., Keller,M., Erickson, H. E., Verchot, L. V., &Veldkamp,

E. (2000). Testing a conceptual model of soil emissions of nitrous

and nitric oxides using two functions based on soil nitrogen availabil-

ity and soil water content, the hole-in-the-pipe model characterizes

a large fraction of the observed variation of nitric oxide and nitrous

oxide emissions from soils. Bioscience, 50(8), 667–680.
Deng, S., & Popova, I. (2011). Carbohydrate hydrolases.Methods of Soil

Enzymology, 9, 185–209.
Doran, J. W., & Zeiss, M. R. (2000). Soil health and sustainability:

Managing the biotic component of soil quality. Applied Soil Ecology,
15(1), 3–11. https://doi.org/10.1016/s0929-1393(00)00067-6

Drinkwater, L. E., Cambardella, C. A., Reeder, J. D., & Rice, C. W.

(1997). Potentially mineralizable nitrogen as an indicator of biolog-

ically active soil nitrogen. In J. W. Doran, & A. J. Jones (Eds.),

Methods for assessing soil quality (pp. 217–229). Soil Science Society
of America. https://doi.org/10.2136/sssaspecpub49.c13

Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of

soil bacterial communities. Proceedings of the National Academy of
Sciences, 103(3), 626–631. https://doi.org/10.1073/pnas.0507535103

Fine, A. K., Es, H. M., & Schindelbeck, R. R. (2017). Statistics, scor-

ing functions, and regional analysis of a comprehensive soil health

database. Soil Science Society of America Journal, 81(3), 589–601.
https://doi.org/10.2136/sssaj2016.09.0286

Franzluebbers, A. J. (2002). Soil organic matter stratification ratio as an

indicator of soil quality. Soil and Tillage Research, 66(2), 95–106.
https://doi.org/10.1016/s0167-1987(02)00018-1

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://orcid.org/0000-0002-8243-267X
https://orcid.org/0000-0002-8243-267X
https://orcid.org/0000-0002-3218-8939
https://orcid.org/0000-0002-3218-8939
https://orcid.org/0000-0002-5334-4814
https://orcid.org/0000-0002-5334-4814
https://orcid.org/0000-0003-3985-257X
https://orcid.org/0000-0003-3985-257X
https://orcid.org/0000-0001-7885-7061
https://orcid.org/0000-0001-7885-7061
https://orcid.org/0000-0002-7560-5560
https://orcid.org/0000-0002-7560-5560
https://orcid.org/0000-0003-4986-673X
https://orcid.org/0000-0003-4986-673X
https://orcid.org/0000-0002-3727-2304
https://orcid.org/0000-0002-3727-2304
https://orcid.org/0000-0001-9965-5266
https://orcid.org/0000-0001-9965-5266
https://orcid.org/0000-0002-6966-7781
https://orcid.org/0000-0002-6966-7781
https://orcid.org/0000-0002-6966-7781
https://orcid.org/0000-0001-5419-1736
https://orcid.org/0000-0001-5419-1736
https://orcid.org/0000-0002-2461-6016
https://orcid.org/0000-0002-2461-6016
https://orcid.org/0000-0001-9874-745X
https://orcid.org/0000-0001-9874-745X
https://orcid.org/0000-0001-9874-745X
https://orcid.org/0000-0001-8088-224X
https://orcid.org/0000-0001-8088-224X
https://orcid.org/0000-0001-8088-224X
https://orcid.org/0000-0001-5711-797X
https://orcid.org/0000-0001-5711-797X
https://orcid.org/0000-0001-5711-797X
https://orcid.org/0000-0002-4702-9017
https://orcid.org/0000-0002-4702-9017
https://orcid.org/0000-0002-4702-9017
https://orcid.org/0000-0002-7687-309X
https://orcid.org/0000-0002-7687-309X
https://orcid.org/0000-0001-8077-0088
https://orcid.org/0000-0001-8077-0088
https://orcid.org/0000-0001-9393-9284
https://orcid.org/0000-0001-9393-9284
https://orcid.org/0000-0002-4728-7956
https://orcid.org/0000-0002-4728-7956
https://orcid.org/0000-0001-6267-7293
https://orcid.org/0000-0001-6267-7293
https://orcid.org/0000-0001-6267-7293
https://orcid.org/0000-0002-2719-1885
https://orcid.org/0000-0002-2719-1885
https://orcid.org/0000-0001-8334-7488
https://orcid.org/0000-0001-8334-7488
https://orcid.org/0000-0002-5460-8500
https://orcid.org/0000-0002-5460-8500
https://orcid.org/0000-0002-7715-373X
https://orcid.org/0000-0002-7715-373X
https://orcid.org/0000-0002-7715-373X
https://orcid.org/0000-0003-1225-5177
https://orcid.org/0000-0003-1225-5177
https://orcid.org/0000-0003-1225-5177
https://orcid.org/0000-0002-1537-2160
https://orcid.org/0000-0002-1537-2160
https://orcid.org/0000-0002-1537-2160
https://orcid.org/0000-0002-5490-6284
https://orcid.org/0000-0002-5490-6284
https://orcid.org/0000-0002-6694-9230
https://orcid.org/0000-0002-6694-9230
https://orcid.org/0000-0001-5357-0638
https://orcid.org/0000-0001-5357-0638
https://orcid.org/0000-0001-9822-9476
https://orcid.org/0000-0001-9822-9476
https://orcid.org/0000-0001-5032-4386
https://orcid.org/0000-0001-5032-4386
https://orcid.org/0000-0001-9860-4475
https://orcid.org/0000-0001-9860-4475
https://doi.org/10.2136/sssaj2004.1945
https://doi.org/10.1002/agj2.20783
https://doi.org/10.1002/agj2.20783
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2136/sssaj2007.0233
https://doi.org/10.2136/sssaj2007.0233
https://doi.org/10.1002/agj2.20335
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-021-00793-9
https://doi.org/10.1007/s10533-021-00793-9
https://doi.org/10.1016/s0929-1393(00)00067-6
https://doi.org/10.2136/sssaspecpub49.c13
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.2136/sssaj2016.09.0286
https://doi.org/10.1016/s0167-1987(02)00018-1


LIPTZIN ET AL. 883

Franzluebbers, A. J. (2016). Should soil testing servicesmeasure soil bio-

logical activity? Agricultural & Environmental Letters, 1(1), 150009.
https://doi.org/10.2134/ael2015.11.0009

Franzluebbers, A. J. (2018). Short-term C mineralization (aka the flush

of CO2) as an indicator of soil biological health. CABI Reviews, 2018,
1–14. https://doi.org/10.1079/pavsnnr201813017

Franzluebbers, A. J., & Pershing, M. R. (2020). Soil-test biological

activity with the flush of CO2: VIII. Soil type and management diver-

sity. Soil Science Society of America Journal, 84(5), 1658–1674.
https://doi.org/10.1002/saj2.20128

Geisseler, D., Miller, K., Leinfelder-Miles, M., & Wilson, R. (2019).

Use of soil protein pools as indicators of soil nitrogen mineralization

potential. Soil Science Society of America Journal, 83(4), 1236–1243.
https://doi.org/10.2136/sssaj2019.01.0012

Gentry, L. E., Below, F. E., David, M. B., & Bergerou, J. A. (2001).

Source of the soybean N credit in maize production. Plant and Soil,
236(2), 175–184. https://doi.org/10.1023/a:1012707617126

Glendining, M. J., Dailey, A. G., Powlson, D. S., Richter, G. M., Catt, J.

A., & Whitmore, A. P. (2011). Pedotransfer functions for estimating

total soil nitrogen up to the global scale. European Journal of Soil Sci-
ence, 62(1), 13–22. https://doi.org/10.1111/j.1365-2389.2010.01336.
x

Green, C. J., & Blackmer, A. M. (1995). Residue decomposition effects

on nitrogen availability to corn following corn or soybean. Soil Sci-
ence Society of America Journal, 59(4), 1065–1070. https://doi.org/
10.2136/sssaj1995.03615995005900040016x

Hall, S. J., Russell, A. E., &Moore, A. R. (2019). Do corn-soybean rota-

tions enhance decomposition of soil organic matter? Plant Soil, 444,
427–442. https://doi.org/10.1007/s11104-019-04292-7

Haney, R., Franzluebbers, A., Jin, V., Johnson, M.-V., Haney, E., White,

M., & Harmel, R. (2012). Soil organic C:N vs. water-extractable

organic C:N. Open Journal of Soil Science, 2, 269–274. https://doi.
org/10.4236/ojss.2012.23032

Haney, R. L., Brinton, W. H., & Evans, E. (2008). Estimating

soil carbon, nitrogen, and phosphorus mineralization from short-

term carbon dioxide respiration. Communications in Soil Science
and Plant Analysis, 39(17–18), 2706–2720. https://doi.org/10.1080/
00103620802358862

Haney, R. L., Haney, E. B., Hossner, L. R., & Arnold, J. G. (2006).

Development of a new soil extractant for simultaneous phosphorus,

ammonium, and nitrate analysis. Communications in Soil Science
and Plant Analysis, 37(11–12), 1511–1523. https://doi.org/10.1080/
00103620600709977

Haney, R. L., Haney, E. B., Smith, D. R., Harmel, R. D., & White, M.

J. (2018). The soil health tool—Theory and initial broad-scale appli-

cation. Applied Soil Ecology, 125, 162–168. https://doi.org/10.1016/
j.apsoil.2017.07.035

Hu, J., Jin, V. L., Konkel, J. Y. M., Schaeffer, S. M., Schneider, L. G.,

& DeBruyn, J. M. (2021). Soil health management enhances micro-

bial nitrogen cycling capacity and activity.mSphere, 6(1), e01237–20.
https://doi.org/10.1128/msphere.01237-20

Hubbard, R. K., Strickland, T. C., & Phatak, S. (2013). Effects of cover

crop systems on soil physical properties and carbon/nitrogen rela-

tionships in the coastal plain of southeastern USA. Soil and Tillage
Research, 126, 276–283. https://doi.org/10.1016/j.still.2012.07.009

Hurisso, T. T., Moebius-Clune, D. J., Culman, S. W., Moebius-Clune,

B. N., Thies, J. E., & Es, H. M. (2018). Soil protein as a rapid soil

health indicator of potentially available organic nitrogen. Agricul-
tural & Environmental Letters, 3(1), 180006. https://doi.org/10.2134/
ael2018.02.0006

Jarchow, M. E., Liebman, M., Dhungel, S., Dietzel, R., Sundberg, D.,

Anex, R. P., Thompson, M. L., & Chua, T. (2015). Trade-offs among

agronomic, energetic, and environmental performance characteristics

of corn and prairie bioenergy cropping systems.GCBBioenergy, 7(1),
57–71. https://doi.org/10.1111/gcbb.12096

Jenkinson, D. S., Fox, R. H., &Rayner, J. H. (1985). Interactions between

fertilizer nitrogen and soil nitrogen—The so-called ‘priming’ effect.

Journal of Soil Science, 36(3), 425–444. https://doi.org/10.1111/j.
1365-2389.1985.tb00348.x

Jian, S., Li, J., Chen, J., Wang, G., Mayes, M. A., Dzantor, K. E., Hui,

D., & Luo, Y. (2016). Soil extracellular enzyme activities, soil car-

bon and nitrogen storage under nitrogen fertilization: Ameta-analysis.

Soil Biology and Biochemistry, 101, 32–43. https://doi.org/10.1016/j.
soilbio.2016.07.003

Kanté, M., Riah-Anglet, W., Cliquet, J.-B., & Trinsoutrot-

Gattin, I. (2021). Soil enzyme activity and stoichiometry:

Linking soil microorganism resource requirement and

legume carbon rhizodeposition. Agronomy, 11(11), 2131.

https://doi.org/10.3390/agronomy11112131

Li, Z., Tian, D., Wang, B., Wang, J., Wang, S., Chen, H. Y. H., Xu, X.,

Wang, C., He, N., & Niu, S. (2019). Microbes drive global soil nitro-

gen mineralization and availability. Global Change Biology, 25(3),
1078–1088. https://doi.org/10.1111/gcb.14557

Liptzin, D., Norris, C. E., Cappellazzi, S. B., Bean, G. M., Cope, M.,

Greub, K. L. H., Rieke, E. L., Tracy, P. W., Aberle, E., Ashworth,

A., Tavarez, O. B., Bary, A. I., Baumhardt, R. L., Gracia, A. B.,

Brainard, D. C., Brennan, J. R., Reyes, D. B., Bruhjell, D., Carlyle,

C. N., . . . Honeycutt, C. W. (2022). An evaluation of carbon indi-

cators of soil health in long-term agricultural experiments. Soil
Biology and Biochemistry, 172, 108708. https://doi.org/10.1016/j.
soilbio.2022.108708

Lou, Y., Xu, M., Chen, X., He, X., & Zhao, K. (2012). Stratification of

soil organic C, N and C:N ratio as affected by conservation tillage in

two maize fields of China. Catena, 95, 124–130. https://doi.org/10.
1016/j.catena.2012.02.009

Lützow, M. V., & Kögel-Knabner, I. (2009). Temperature sensitivity of

soil organic matter decomposition—What do we know? Biology and
Fertility of Soils, 46(1), 1–15. https://doi.org/10.1007/s00374-009-
0413-8

Mahal, N. K., Castellano, M. J., & Miguez, F. E. (2018). Conserva-

tion agriculture practices increase potentially mineralizable nitrogen:

A meta-analysis. Soil Science Society of America Journal, 82(5),
1270–1278. https://doi.org/10.2136/sssaj2017.07.0245

Mahal, N. K., Osterholz, W. R., Miguez, F. E., Poffenbarger, H. J.,

Sawyer, J. E., Olk, D. C., Archontoulis, S. V., & Castellano, M. J.

(2019). nitrogen fertilizer suppresses mineralization of soil organic

matter in maize agroecosystems. Frontiers in Ecology and Evolution,
7, 59. https://doi.org/10.3389/fevo.2019.00059

Mattsson, T., Kortelainen, P., Laubel, A., Evans, D., Pujo-Pay,M., Räike,

A., & Conan, P. (2009). Export of dissolved organic matter in relation

to land use along a European climatic gradient. Science of The Total
Environment, 407(6), 1967–1976. https://doi.org/10.1016/j.scitotenv.
2008.11.014

McDaniel, M. D., Walters, D. T., Bundy, L. G., Li, X., Drijber, R. A.,

Sawyer, J. E., Castellano, M. J., Laboski, C. A. M., Scharf, P. C., &

Horwath, W. R. (2020). Combination of biological and chemical soil

tests best predict maize nitrogen response. Agronomy Journal, 112(2),
1263–1278. https://doi.org/10.1002/agj2.20129

Miner, G. L., Delgado, J. A., Ippolito, J. A., & Stewart, C. E. (2020).

Soil health management practices and crop productivity. Agricultural

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.2134/ael2015.11.0009
https://doi.org/10.1079/pavsnnr201813017
https://doi.org/10.1002/saj2.20128
https://doi.org/10.2136/sssaj2019.01.0012
https://doi.org/10.1023/a:1012707617126
https://doi.org/10.1111/j.1365-2389.2010.01336.x
https://doi.org/10.1111/j.1365-2389.2010.01336.x
https://doi.org/10.2136/sssaj1995.03615995005900040016x
https://doi.org/10.2136/sssaj1995.03615995005900040016x
https://doi.org/10.1007/s11104-019-04292-7
https://doi.org/10.4236/ojss.2012.23032
https://doi.org/10.4236/ojss.2012.23032
https://doi.org/10.1080/00103620802358862
https://doi.org/10.1080/00103620802358862
https://doi.org/10.1080/00103620600709977
https://doi.org/10.1080/00103620600709977
https://doi.org/10.1016/j.apsoil.2017.07.035
https://doi.org/10.1016/j.apsoil.2017.07.035
https://doi.org/10.1128/msphere.01237-20
https://doi.org/10.1016/j.still.2012.07.009
https://doi.org/10.2134/ael2018.02.0006
https://doi.org/10.2134/ael2018.02.0006
https://doi.org/10.1111/gcbb.12096
https://doi.org/10.1111/j.1365-2389.1985.tb00348.x
https://doi.org/10.1111/j.1365-2389.1985.tb00348.x
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.3390/agronomy11112131
https://doi.org/10.1111/gcb.14557
https://doi.org/10.1016/j.soilbio.2022.108708
https://doi.org/10.1016/j.soilbio.2022.108708
https://doi.org/10.1016/j.catena.2012.02.009
https://doi.org/10.1016/j.catena.2012.02.009
https://doi.org/10.1007/s00374-009-0413-8
https://doi.org/10.1007/s00374-009-0413-8
https://doi.org/10.2136/sssaj2017.07.0245
https://doi.org/10.3389/fevo.2019.00059
https://doi.org/10.1016/j.scitotenv.2008.11.014
https://doi.org/10.1016/j.scitotenv.2008.11.014
https://doi.org/10.1002/agj2.20129


884 LIPTZIN ET AL.

& Environmental Letters, 5(1), e20023. https://doi.org/10.1002/ael2.
20023

Muruganandam, S., Israel, D. W., & Robarge, W. P. (2009). Activities of

nitrogen-mineralization enzymes associated with soil aggregate size

fractions of three tillage systems. Soil Science Society of America
Journal, 73(3), 751–759. https://doi.org/10.2136/sssaj2008.0231

Neff, J. C. III, Chapin, F. S. C., & Vitousek, P. M. (2003). Breaks in the

cycle: Dissolved organic nitrogen in terrestrial ecosystems. Frontiers
in Ecology and the Environment, 1(4), 205–211. https://doi.org/10.
1890/1540-9295(2003)001

Nelson, D. W., & Sommers, L. E. (1996). Total carbon, organic car-

bon, and organic matter. Methods of Soil Analysis: Part 3 Chemical
Methods, 5, 961–1010.

Norris, C. E., Bean, G.M., Cappellazzi, S. B., Cope, M., Greub, K. L. H.,

Liptzin, D., Rieke, E. L., Tracy, P. W., Morgan, C. L. S., & Honeycutt,

C. W. (2020). Introducing the North American project to evaluate soil

health measurements. Agronomy Journal, 112(4), 3195–3215. https://
doi.org/10.1002/agj2.20234

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P.,

McGlinn, D., Minchin, P. R., O’Hara, R., Simpson, G., Solymos, P.,

Stevens, M. H. H., Szoecs, W., & Wagner, H. (2019). Vegan: Com-

munity Ecology Package. R Package Version 2. 5–6. https://cran.r-
project.org/package=vegan

Pehim Limbu, S., & Franzluebbers, A. J. (2022). Greenhouse growth

bioassay confirms soil nitrogen availability indicated by the flush of

CO2. Biology and Fertility of Soils, 58(1), 91–103. https://doi.org/10.
1007/s00374-021-01614-9

Poffenbarger, H. J., Barker, D. W., Helmers, M. J., Miguez, F. E., Olk,

D. C., Sawyer, J. E., Six, J., & Castellano, M. J. (2017). Maximum

soil organic carbon storage in Midwest U.S. cropping systems when

crops are optimally nitrogen-fertilized. PLoS ONE, 12(3), e0172293.
https://doi.org/10.1371/journal.pone.0172293

Post, W. M., Pastor, J., Zinke, P. J., & Stangenberger, A. G. (1985).

Global patterns of soil nitrogen storage. Nature, 317(6038), 613–616.
https://doi.org/10.1038/317613a0

Schomberg, H. H., Wietholter, S., Griffin, T. S., Reeves, D. W., Cabrera,

M. L., Fisher, D. S., Endale, D. M., Novak, J. M., Balkcom, K. S.,

Raper, R. L., Kitchen, N. R., Locke, M. A., Potter, K. N., Schwartz,

R. C., Truman, C. C., & Tyler, D. D. (2009). Assessing indices for

predicting potential nitrogen mineralization in soils under different

management systems. Soil Science Society of America Journal, 73(5),
1575–1586. https://doi.org/10.2136/sssaj2008.0303

Schröder, J. J., Neeteson, J. J., Oenema, O., & Struik, P. C. (2000). Does

the crop or the soil indicate how to save nitrogen in maize production?

Reviewing the state of the art. Field Crops Research, 66(2), 151–164.
https://doi.org/10.1016/s0378-4290(00)00072-1

Shi, S., Peng, C.,Wang,M., Zhu, Q., Yang, G., Yang, Y., Xi, T., & Zhang,

T. (2016). A global meta-analysis of changes in soil carbon, nitro-

gen, phosphorus and sulfur, and stoichiometric shifts after forestation.

Plant and Soil, 407(1–2), 323–340. https://doi.org/10.1007/s11104-
016-2889-y

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison,

S. D., Crenshaw, C., Contosta, A. R., Cusack, D., Frey, S., Gallo, M.

E., Gartner, T. B., Hobbie, S. E., Holland, K., Keeler, B. L., Powers,

J. S., Stursova, M., Takacs-Vesbach, C., Waldrop, M. P., Wallenstein,

M. D., . . . Zeglin, L. H. (2008). Stoichiometry of soil enzyme activity

at global scale. Ecology Letters, 11, 1252–1264. https://doi.org/10.
1111/j.1461-0248.2008.01245.x

Thornton, P. E., Thornton, M. M., Mayer, B. W., Wei, Y., Devarakonda,

R., Vose, R. S., & Cook, R. B. (2016).Daymet: Daily surface weather

data on a 1-km grid for North America, version 3. https://doi.org/10.
3334/ornldaac/1328

USDA-ARS. (2022). Revised Universal Soil Loss Equation 2 - Overview
of RUSLE2. USDA-ARS. https://www.ars.usda.gov/southeast-

area/oxford-ms/national-sedimentation-laboratory/watershed-

physical-processes-research/research/rusle2/revised-universal-soil-

loss-equation-2-overview-of-rusle2/

van Grinsven, H. J. M., Ebanyat, P., Glendining, M., Gu, B., Hijbeek, R.,

Lam, S. K., Lassaletta, L., Mueller, N. D., Pacheco, F. S., Quemada,

M., Bruulsema, T. W., Jacobsen, B. H., & Berge, H. F. M. T. (2022).

Establishing long-term nitrogen response of global cereals to assess

sustainable fertilizer rates. Nature Food, 3(2), 122–132. https://doi.
org/10.1038/s43016-021-00447-x

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor

package. Journal of Statistical Software, 36(3), 1–48. https://doi.org/
10.18637/jss.v036.i03

Waring, B. G., Weintraub, S. R., & Sinsabaugh, R. L. (2014). Ecoenzy-

matic stoichiometry of microbial nutrient acquisition in tropical soils.

Biogeochemistry, 117(1), 101–113. https://doi.org/10.1007/s10533-
013-9849-x

West, T. O., & Post, W. M. (2002). Soil organic carbon sequestration

rates by tillage and crop rotation. Soil Science Society of Amer-
ica Journal, 66(6), 1930–1946. https://doi.org/10.2136/sssaj2002.

1930

Wright, S. F., & Upadhyaya, A. (1996). Extraction of an abundant and

unusual protein from soil and comparison with hyphal protein of

arbuscular mycorrhizal fungi. Soil Science, 161, 575–586. https://doi.
org/10.1097/00010694-199609000-00003

Xu, N., Wilson, H. F., Saiers, J. E., & Entz, M. (2013). Effects of

crop rotation and management system on water-extractable organic

matter concentration, structure, and bioavailability in a chernozemic

agricultural soil. Journal of Environmental Quality, 42(1), 179–190.
https://doi.org/10.2134/jeq2012.0126

Xu, X., Thornton, P. E., & Post, W. M. (2013). A global analysis of

soil microbial biomass carbon, nitrogen and phosphorus in terres-

trial ecosystems. Global Ecology and Biogeography, 22(6), 737–749.
https://doi.org/10.1111/geb.12029

Yost, M. A., Veum, K. S., Kitchen, N. R., Sawyer, J. E., Camberato, J.

J., Carter, P. R., Ferguson, R. B., Fernández, F. G., Franzen, D. W.,

Laboski, C. A., & Nafziger, E. D. (2018). Evaluation of the Haney

Soil Health Tool for corn nitrogen recommendations across eightMid-

west states. Journal of Soil and Water Conservation, 73(5), 587–592.
https://doi.org/10.2489/jswc.73.5.587

How to cite this article: Liptzin, D., Rieke, E. L.,

Cappellazzi, S. B., Bean, G. M., Cope, M., Greub, K.

L. H., Norris, C. E., Tracy, P. W., Aberle, E.,

Ashworth, A., Tavarez, O. B., Bary, A. I., Baumhardt,

R. L., Gracia, A. B., Brainard, D. C., Brennan, J. R.,

Reyes, D. B., Bruhjell, D., Carlyle, C. N., . . .

Honeycutt, C. W. (2023). An evaluation of nitrogen

indicators for soil health in long-term agricultural

experiments. Soil Science Society of America Journal,
87, 868–884. https://doi.org/10.1002/saj2.20558

 14350661, 2023, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20558, W

iley O
nline Library on [26/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1002/ael2.20023
https://doi.org/10.1002/ael2.20023
https://doi.org/10.2136/sssaj2008.0231
https://doi.org/10.1890/1540-9295(2003)001
https://doi.org/10.1890/1540-9295(2003)001
https://doi.org/10.1002/agj2.20234
https://doi.org/10.1002/agj2.20234
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1007/s00374-021-01614-9
https://doi.org/10.1007/s00374-021-01614-9
https://doi.org/10.1371/journal.pone.0172293
https://doi.org/10.1038/317613a0
https://doi.org/10.2136/sssaj2008.0303
https://doi.org/10.1016/s0378-4290(00)00072-1
https://doi.org/10.1007/s11104-016-2889-y
https://doi.org/10.1007/s11104-016-2889-y
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.3334/ornldaac/1328
https://doi.org/10.3334/ornldaac/1328
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/research/rusle2/revised-universal-soil-loss-equation-2-overview-of-rusle2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/research/rusle2/revised-universal-soil-loss-equation-2-overview-of-rusle2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/research/rusle2/revised-universal-soil-loss-equation-2-overview-of-rusle2/
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-physical-processes-research/research/rusle2/revised-universal-soil-loss-equation-2-overview-of-rusle2/
https://doi.org/10.1038/s43016-021-00447-x
https://doi.org/10.1038/s43016-021-00447-x
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1007/s10533-013-9849-x
https://doi.org/10.1007/s10533-013-9849-x
https://doi.org/10.2136/sssaj2002.1930
https://doi.org/10.2136/sssaj2002.1930
https://doi.org/10.1097/00010694-199609000-00003
https://doi.org/10.1097/00010694-199609000-00003
https://doi.org/10.2134/jeq2012.0126
https://doi.org/10.1111/geb.12029
https://doi.org/10.2489/jswc.73.5.587
https://doi.org/10.1002/saj2.20558

	An evaluation of nitrogen indicators for soil health in long-term agricultural experiments
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Experimental design and data collection
	2.2 | Analytical methods of nitrogen soil health indicators
	2.3 | Data analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Variability
	3.2 | Management
	3.3 | Relationship of C and N indicators

	4 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	AFFILIATIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


