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Abstract
Arbuscular mycorrhizal (AM) fungi are considered to be a key group of soil organisms for assessments of soil biological
properties and developing relationships among crop production management practices, soil properties, crop performance, and
ecosystem services. In a field study of cover crop treatments established during the transition from small grains to corn (Zea mays
L), we assessed multiple measures of AM fungal responses to the management treatments: soil propagule numbers, biomass via
lipid biomarkers, and root colonization extent. Our objectives were to determine response variables that reliably distinguished
cover crop treatments and formed consistent relationships with grain yield, plant biomass, and mineral nutrient concentrations of
the following corn crop. The number of soil AM fungal propagules and amount of the NLFA biomarker C16:1cis11 measured on
fall-collected soils most consistently and significantly responded to fall cover crop treatments. Neither of these measures of soil
inoculum potential was strongly related to measures of crop performance. The PLFA biomarker C16:1cis11 was marginally
responsive to cover crop but did not strongly relate to crop performance parameters. Corn root colonization by AM fungi was not
significantly affected by cover crop treatment, but significant negative relationships were found between root colonization and
grain N concentration and plant biomass at maturity. In contrast, a significant positive relationship between root colonization and
plant N concentration at the 6-leaf stage was found. Understanding the relative effectiveness and limitations of AM fungal
response variables will inform their application in field studies of agricultural management practices.
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Introduction

Obligate plant symbiotic arbuscular mycorrhizal (AM) fungi
have a 460-million-year-old evolutionary history of partner-
ship with many terrestrial plants. Research has documented

the frequent benefits of this symbiosis to contemporary plant
species, including most major crops (Lekberg and Koide
2005; Rillig 2004; Smith and Read 2008). Consequently,
AM fungi are considered to be a key group of soil organisms
for monitoring in agricultural production systems and devel-
oping relationships between management practices, soil prop-
erties, crop performance, and ecosystem services (Creamer
et al. 2016; Dai et al. 2014; de Vries et al. 2013; Dias et al.
2014; Gianinazzi et al. 2010; Gottshall et al. 2017; Hamel
1996; Jeffries et al. 2003; Miller 2000; Soliveres et al. 2016;
Verbruggen et al. 2010; Wagg et al. 2014).

While there are multiple approaches for measuring proper-
ties of AM fungi (Sylvia 1994), each measure presents limi-
tations in practice and interpretation that must be considered
with respect to the question being investigated. In general,
many common crop production management practices such
as no-till, fallow, and monocropping often negatively affect
some measurement of AM fungi such as spore counts, spore
diversity, or root colonization (Jansa et al. 2006; Mader et al.
2000). But, the results can also be contradictory between root
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colonization and various measures of soil inoculum potential
such as spores, viable propagules, hyphal density, and fatty
acid biomarkers (Douds Jr. et al. 1993; Gosling et al. 2010;
Martinez and Johnson 2010; Sharma and Buyer 2015). Many
studies of agricultural management practices have found vary-
ing degrees of association between AM fungi soil inoculum
potential or root colonization with plant performance indica-
tors such as biomass and nutrient uptake (Douds Jr. et al. 2011;
Galvez et al. 2001; Gosling et al. 2016; Johnson et al. 1992;
Ryan and Graham 2018; Smith and Smith 2011; Treseder
2013). But, definitive conclusions on these relationships are
elusive because experimental design, selected methods, meth-
odological details, and degree of methodological replication
differ widely from study to study.

Our study objectives were to examine multiple AM fungal
response variables using a fully replicatedmethodology inmul-
tiyear, replicated agronomic field trials to determine which AM
fungal response variables: (1) were most reliable in
distinguishing agricultural management treatments; and (2)
were related to crop yield, plant biomass, and mineral nutrient
concentrations. We evaluated the effect of fall cover cropping
treatments imposed during the transition from small grains to
corn (Zea mays L) on measures of soil AM fungal inoculum
potential, corn root colonization, and corn yield, biomass, and
mineral nutrient concentrations. For AM fungal soil inoculum
potential, we enumerated viable propagules that include spores
which alone do not represent full inoculum potential (Gosling
et al. 2010; Hamel 1996; Martinez and Johnson 2010) and
quantified fatty acid biomarkers in both the phospholipid and
neutral lipid fractions because their responses differ (Sharma
and Buyer 2015). We have previously published some of the
soil inoculum data from this field experiment as part of a mul-
tilocation study on fall cover cropping effects on soil inoculum
potential of AM fungi (Lehman et al. 2012). In the current
paper, our objectives are the comparative treatment effects on
AM fungal response variables and their relationship with plant
performance. We use 3 years of previously unreported data for
root colonization, phospholipid fatty acid biomarkers, grain
yield, plant biomass, and mineral nutrient concentrations and
an additional year of soil propagule data.

Materials and methods

Field plots

Soil and plant samples were collected in the performance of a
three-year field study at the 65 ha Eastern South Dakota Soil
and Water Research Farm in Brookings, South Dakota (44°
19’ N latitude; 96° 46’ W longitude). The research farm is
located in the Big Sioux Basin of the northern glaciated plains
at 500 m elevation with 58 cm mean annual precipitation
(MAP) and mean annual temperature (MAT) of 8 °C (Bryce

et al. 1996). The Mollisol soils are Barnes sandy clay loam
(fine-loamy, mixed, superactive, frigid Calcic Hapludoll) that
are moderately drained, with a clay content of about
280 g kg−1 (Pikul et al. 2007). Pre-experiment soil analyses
showed circumneutral soils with relatively high soil organic
matter (ca. 3–4%) and low (< 10mg kg−1) levels of extractable
N and P (Lehman et al. 2012). Eight cover crop treatments
were replicated four times in a randomized complete block
design: no cover crop, forage oats (Avena sativa (L.)
Hausskn.), hairy vetch (Vicia villosa Roth), winter canola
(Brassica napus L.), and all possible combinations of the three
cover crops. Starting in 2009, fall cover crop treatments were
direct seeded in no-till plots (3 m × 16 m) following small
grain harvest in August; the cover crops were chemically ter-
minated the followingMay, and the plots were planted to corn.
These experimental design and management sequence were
repeated in 2010 and 2011 at adjacent sites. The small grain
was spring wheat (Triticum aestivum) in 2009 and oat (Avena
sativa L.) in 2010 and 2011. Corn received 165 kg N ha−1 at
the 6-leaf vegetative (V6) growth stage, following plant and
root sampling. No phosphorus was applied. Six randomly-
selected plants per plot were collected for above-ground plant
biomass (shoots plus leaves), and mineral nutrient concentra-
tions (N, P) at three corn growth stages were as follows: V6,
R1 (silking), and R6 (physiological maturity). Annual corn
grain yields and plant biomass were measured by standard
methods; mineral nutrient concentrations in dried, milled
grain, and above-ground plant biomass were measured by
inductively coupled plasma emission spectrometry.

Soil and root sampling for AM fungi analyses

Six 30-mm diameter cores, 0–15 cm depth, were mixed to
form a composite soil sample for each field plot in
November of 2009, 2010, and 2011 following the fall cover
crop growth period inMay of 2010, 2011, and 2012 following
cover crop termination. Roots from the subsequent corn crop
were collected between 3 and 4 weeks post-emergence from
six randomly selected plants per plot in 2010, 2011, and 2012.
Root sampling timing corresponded to 35 (± 1.5) days after
planting when the majority of corn was in the V5 or V6
growth stage.

AM fungal soil propagule numbers

Arbuscular mycorrhizal propagules which include spores, in-
fected root pieces, and vegetative hyphal fragments that to-
gether represent AM fungal soil inoculum potential were mea-
sured on soils collected in late November following the fall
cover crop growth period. Propagule numbers were measured
for each plot using the most-probable-number (MPN) assay
(Porter 1979) by serially diluting the soils in a sterile 1:1:1:1
(v/v) mix of quartz sand (4030 silica sand, 0.45–0.55 mm
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diameter, Unimin Minnesota Corp, Le Sueur, MN), vermicu-
lite (coarse, grade 2A, Therm-O-Rock, New Eagle PA), cal-
cined clay (Turface All Sport Pro, Profile Products, Buffalo
Grove, IL), and sterilized site soil (Douds Jr. et al. 2011). Dilution
soils were sterilized by autoclaving twice for 60 min. at 121 °C
with a 24 h break in between. Five levels of serial dilution were
performed in triplicate to create a five by three MPN matrix for
each soil sample (Woomer 1994). Bahiagrass (Paspalum
notatum Flugge) was the host species for the MPN assay and
was planted into 65 cm3 pots of the diluted test soils, grown in the
greenhouse (day/night 16/8 h, 25/18 °C) with weekly application
of Hoagland’s nutrient solution without P (Hoagland and Arnon
1950) and harvested after four weeks of growth. Pots with dilu-
tion soils alone were planted for negative controls. Washed roots
were cleared and stained with trypan blue (Philips and Hayman
1970) in lactoglycerol and scored for presence/absence of AMF
structures (arbuscles, vesicles, intraradical hyphae) in the root
cortex under × 25 to × 40 magnification with a stereomicroscope
(Leica M-32). Presumptive positive infections were confirmed
by viewing these root fragments mounted on a glass slide at ×
200 with a Leica DMLB2 (LeicaMicrosystems, Buffalo Grove,
IL) compound microscope. The method detection limit for AMF
propagules in an individual soil sample was 0.06 propagules g−1

for the 2009 samples using tenfold soil dilutions and 0.02 prop-
agules g−1 for 2010 and 2011 using fourfold soil dilutions. All
soil samples that were below the detection limit were considered
to have zero propagules for treatment mean calculation.

AM fungal soil biomass by fatty acid biomarker
concentration

The soil biomass of AM fungi includes the aggregate mass of
extraradical hyphae as well as spores and infected root frag-
ments and should be related to soil inoculum potential. The
measurement of extracted and fractionated lipids, a cellular
component of organisms, has long been used as a biochemical
proxy for biomass of soil microorganisms (Pinkart et al.
2002). For AM fungi, the fatty acid methyl ester C16:1cis11
is commonly used as a biomarker with the expectation that the
amount of this biomarker is proportional to biomass (Olsson
1999; Sharma and Buyer 2015). We measured the amounts
(nmol g−1) of the C16:1cis11 biomarker in both neutral and
phospholipid fractions for both fall- and spring-collected soils.
Lipids were extracted from soil samples and partitioned into
neutral, polar, and phospholipid fractions as described in
Buyer et al. (2010). The neutral lipid fraction was evaporated
under nitrogen. Transesterification, cleanup, and gas chroma-
tography of the neutral lipid fatty acids (NLFA) were accom-
plished exactly as described for the phospholipid fatty acids
(PLFA) (Buyer et al. 2010). Amounts (nmol g−1) of the AM
fungal biomarker, C16:1cis11, were reported relative to an
external standard of hexadecanoic acid methyl ester. The

absence of NLFA data for fall of 2011 and spring of 2011
and 2012 was due to an unfortunate freezer failure.

AM fungal root colonization (arbuscular and total)

Washed corn roots were cleared and stained with trypan blue
(Philips and Hayman 1970) in lactoglycerol. Randomly se-
lected portions of the fine roots from each plant were placed
in individual biopsy cassettes for clearing and staining.
Stained roots were stored in 1:1 (w:w) glycerol/deionized wa-
ter at 4 °C prior to evaluation. Ten root segments (2.5 cm)
from each plant were trimmed of root hairs using a steel scal-
pel and mounted on glass slides in 1:1 (vol:vol) glycerol/
deionized water solution. A Leica DM LB2 compound micro-
scope was used at × 200 magnification to score roots for col-
onization using the magnified, gridline-intersect method
(McGonigle et al. 1990a). An average of 198 ± 25 (mean ±
one standard deviation) fields for each plant was scored for the
presence of AM fungal structures. Arbuscular colonization
rates are reported as the most conservative estimate of AM
fungal colonization; total colonization (arbuscle, vesicle,
intraradical hyphae) rates are also reported for comparability
with other studies.

Statistics

Propagule numbers plus one were square root transformed
and root colonization percentages were arcsine trans-
formed for statistical analyses. Homogeneity of variances
was tested with Bartlett’s chi-square statistic. Means for
AM fungal response variables were tested for statistically
significant differences among cover crop treatments at the
p ≤ 0.05 level by analysis of variance procedures with
block and year as random factors. Mean separations were
analyzed using a protected PDIFF option (t test) within the
LSMEANS statement when F tests indicated that signifi-
cant differences existed (p ≤ 0.05). Relationships among
dependent variables for all treatments were initially
assessed using Pearson’s correlation coefficient which
was tested for statistical significance with the Dunn–
Sidak corrected probability. Relationships among variable
pairs that exhibited strong correlations were quantified by
least squares linear regression analysis of variance.
Principal components analysis (PCA) was conducted to
examine the relative contributions of AM fungal response
variables and plant performance variables to the variation
within the dataset. For that analysis, NLFA measures were
excluded because there was no data from some years, and
only the plant performance parameters measured at plant
maturity were used for clarity and their significance. The
PCA was performed on the correlation matrix with no fac-
tor rotation; variable loadings were retained for factors
with eigenvalues ≥ 1.

Mycorrhiza (2019) 29:227–235 229



Results

There were seven AM fungal response variables measured
for the fall cover crop treatments: soil AM fungal propa-
gules (fall soils), total AM fungal colonization of subse-
quent corn roots, arbuscular AM fungal colonization of
subsequent corn roots, NLFA biomarker on fall soil,
NLFA biomarker on spring soils, PLFA biomarker on fall
soils, and PLFA biomarker on spring soils. The number of
soil AM fungal propagules significantly (p = 0.0010)
responded to cover crop treatment (Table 1). Among the
treatments, oat and the three-way cover crop treatments
had the highest average numbers of propagules (Fig. 1).
In all 3 years, every cover crop treatment had AM prop-
agule numbers that were numerically greater or equal to
the no cover crop control. There was no obvious negative
effect of the non-AM fungal host canola on soil propagule
numbers.

The NLFA biomarker C16:1cis11 measured on fall soils
was affected by cover crop treatments (p < 0.0001) in the
2 years with data. There was a significant effect of year (<
0.0001) because individual cover crop treatments
responded differently in the 2 years. Cover crop treatments
containing oat had significantly more NLFA biomarker
than the no cover crop controls in both years (Fig. S1a).
Cover crop combinations containing vetch also had signif-
icantly higher values in 2010. The PLFA data on the same
biomarker (C16:1cis11) for fall soils was not significantly
(p = 0.2153) affected by cover crop treatment (Table 2). In
the single year where there was NLFA biomarker data on
spring soils (2010), the effect of cover crop was not signif-
icant at the p ≤ 0.05 level (p = 0.0623); vetch-containing
treatments had the highest values (Fig. S1b). The PLFA
biomarker for spring soil was significantly affected (p =
0.005) by cover crop treatment with the oat/vetch and
oat/vetch/canola treatments having the highest values in
2011 and 2012 (Table 2).

There were no significant effects of cover crop treatments
on arbuscular root colonization of the subsequent corn crop,
but there was a significant (p = 0.0325) main treatment effect
on total root colonization (Fig. 2, Table 1). There was a strong
(p < 0.0001) effect of year on both arbuscular and total root
colonization. In 2011, total colonization was highest for the
three-way cover crop mix, and in 2012, several cover crop
treatments were significantly higher than canola. Corn root
colonization in 2010 ranged from 18 to 31% based on
arbuscular occurrence and 70 to 79% based on all structures.
Arbuscular corn root colonization in 2011 ranged from 58 to
79% and in 2012 from 68 to 81%. In these 2 years, total
colonization was about 10–15% higher than arbuscular
colonization.

We evaluated simple correlations between the AM fungal
biomass response variables and corn grain yield and mineral
nutrient concentrations (N and P), and corn plant biomass and
nutrient concentrations at V6, R1, and physiological maturity
(R6) for each plot for all 3 years (Table S1). Of these 82
correlations, only eight correlations had a Dunn–Sidak-
corrected probability < 0.1. The strongest correlations all in-
volved arbuscular colonization which was negatively related
to grain N concentration (r = − 0.640; p < 0.001) and plant
biomass at maturity (r = −0.736; p < 0.001), and positively
related to V6 plant N concentration (r = 0.684; p < 0.001).
Total colonization was also negatively correlated with grain
N concentration and plant biomass at maturity. Weaker corre-
lations were observed between fall NLFA and V6 plant bio-
mass (r = −0.462, p = 0.034) and plant biomass at maturity
(r = 0.432; p = 0.082). A significant negative correlation (r =
−0.430; p = 0.014) was observed between spring NLFA and
V6 plant biomass. A separate correlation analysis was per-
formed on the seven AM fungal response variables
(Table S2). As expected, total and arbuscular colonization
were strongly correlated. The only other significant correla-
tion was between fall NLFA and arbuscular colonization (r =
− 0.454; p = 0.004).

Table 1 Main effects of cover crop treatment and year on AM fungal response variables

Factor df Propagule
numbers

Total root
colonization

Arbuscular root
colonization

NLFA
biomarker (fall)

NLFA
biomarker
(spring)

PLFA
biomarker (fall)

PLFA
biomarker
(spring)

Pr > f F value Pr > f F value Pr > f F value Pr > f F value Pr > f F value Pr > f F value Pr > f F value

Year 2 0.0894 2.50 < 0.0001 18.86 < 0.0001 205.58 < 0.0001 60.63 – – 0.1520 1.94 0.0005 8.54

Block 3 0.7195 0.45 < 0.0001 8.59 < 0.0001 18.30 0.9800 0.06 0.3700 1.11 0.0167 3.65 0.0004 6.84

Cover crop 7 0.0010 4.04 0.0325 2.35 0.7827 0.56 < 0.0001 12.54 0.0623 2.36 0.2513 1.33 0.0050 3.25

Year x cover
crop

14 0.9681 0.41 0.4423 1.02 0.2340 1.29 0.1438 1.66 – – 0.4721 0.99 0.5910 0.87

Probabilities < 0.05 are in bold type
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A least squares linear regression fit to the scatterplot
of arbuscular colonization and V6 plant N concentration
demonstrated a significant positive relationship (Fig. 3a).
In contrast, arbuscular colonization was negatively relat-
ed to grain N concentration (Fig. 3b) and plant biomass
at maturity (Fig. 3c).

The PCA resulted in four factors with eigenvalues > 1
(Table S3); the first two factors accounted for 54.4% of
the variance in the dataset. To illustrate the relative contri-
butions of the variables and their interrelationships within
the structure of the dataset, factor loadings for 11 variables
were plotted for factor 1 (33.6%) and factor 2 (20.8%)
(Fig. 4). Factor 1 had positive loadings for plant perfor-
mance parameters and negative loadings for root coloniza-
tion and spring PLFA. Factor 2 showed positive loadings for
root colonization and P concentration of grain and plant
tissue, which were both opposed by plant biomass.

Discussion

The number of soil AM fungal propagules responded to the
treatments in a consistent manner over each of the 3 years but
were not related to any plant performance indicators. These
soil samples were collected in late November, following the
fall-seeded cover crop growth period and prior to freeze-up. It
is generally acknowledged that AMF propagule numbers rep-
resent an ecologically relevant pool (Rillig 2004) that repre-
sents inoculum potential better than spore counts (Gosling
et al. 2010; Hamel 1996; Martinez and Johnson 2010).
Further, while measuring soil propagules using the MPN pro-
cedure is laborious, it is not technically difficult and does not
require the level of experience required to distinguish viable
AM fungal spores among other structures found in the soil.

The NLFA biomarker C16:1cis11 measured on fall-
collected soils was also responsive to treatment in the 2 years
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cover crop treatments for each
year. No visible bar in 2009 for
Bnone^ and Bcanola^ means that
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Table 2 Amounts (nmol g-1) of
the PLFA biomarker, C16:1cis11,
for the eight cover treatments for
fall and spring soils for all 3 years
(mean ± one standard error, n = 4
plots)1

Cover crop treatment Fall

2009

Fall

2010

Fall

2011

Spring

2010

Spring

2011

Spring

2012

None 3.1 (0.3) 3.3 (0.3) 3.7 (0.6) 3.1 (0.5) a 2.4 (0.2) e 3.4 (0.3) bc

Canola 4.2 (0.1) 3.8 (0.3) 3.8 (0.7) 3.4 (0.3) a 3.2 (0.2) abc 3.3 (0.3) bc

Oat 3.6 (0.3) 3.8 (0.2) 3.8 (0.2) 3.4 (0.2) a 2.5 (0.2) de 3.3 (0.2) bc

Vetch 3.2 (0..2) 3.7 (0.2) 4.4 (0.5) 3.0 (0.4) a 3.1 (0.3) abcd 3.3 (0.3) bc

Oat/canola 3.6 (0.3) 4.3 (0.2) 3.7 (0.3) 3.1 (0.1) a 2.6 (0.2) cde 3.7 (0.5) abc

Oat/vetch 3.6 (0.2) 4.3 (0.2) 3.3 (0.1) 3.8 (0.3) a 3.3 (0.1) ab 4.4 (0.6) a

Canola/vetch 3.4 (0.3) 3.6 (0.1) 3.2 (0.5) 3.7 (0.6) a 2.9 (0.3) bcde 3.1 (0.4) c

Oat/vetch/canola 3.8 (0.5) 4.3 (0.1) 4.0 (0.7) 3.7 (0.6) a 3.6 (0.2) a 3.9 (0.4) ab

1Values accompanied by the same letter do not differ significantly at P ≤ 0.05 by protected t test. There were no
significant main effects of treatment for the fall-collected samples in any year
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with data, while the single year of data on spring-collected soils
was not significant at the 0.05 alpha level (p = 0.0623). The
NLFA data reinforced the treatment results from the propagule
numbers wherein cover crop treatments-containing oat elevated
the amount of AM fungi in the soils and also showed a re-
sponse to some vetch treatments. The PLFA biomarker was
only responsive to treatment in spring-collected soils for
2 years. The highest PLFA biomarker values were recorded
in two oat-containing cover crop combinations; however, the
numerical range in PLFAvalues across all treatments was lim-
ited. In a study of field soils, the AM fungal biomarker ana-
lyzed with the ester-linked fatty acid methyl ester (EL-FAME)
procedure showed a stronger response to agricultural manage-
ment practice than the same biomarker analyzed with the PLFA
procedure (Drijber et al. 2000). The EL-FAME analysis reports
the AM fungal biomarker combined from both the neutral- and
phospholipid fractions. In a greenhouse study, C16:1cis11 an-
alyzed by both NLFA and EL-FAME was found to be a supe-
rior biomarker for AM fungi compared with the same in the
phospholipid fraction (PFLA) (Sharma and Buyer 2015). Our
current data on field trials also indicate that NLFA produces a
more reliable AM fungal biomarker than PLFA. The combined
NLFA and PLFA biomarkers in EL-FAME may be considered
advantageous for quantifying AM fungi in soils, but also may
dilute more true NLFA values. Notably, EL-FAME protocols
utilize stronger extraction conditions that produce larger

amounts of non-target lipids and thus the signal-to-noise ratio
may be reduced for specific fatty acids.

Root colonization of the corn at 3 to 4 weeks post-emer-
gence, or V5/V6 growth stage, was not an effective measure
of AM fungal response to the cover crop treatments.
Colonization measured at an earlier plant growth stage may
have produced different results, although similar and later
plant growth stages have been used in other studies (Bowles
et al. 2017; McGonigle et al. 1990b). Root colonization in the
first year was much lower than the second year and may be
related to winter wheat instead of oat as the small grain that
preceded the cover crop in the first year. A positive relation-
ship was observed between arbuscular colonization and plant
N concentration at the V6 growth stage, suggesting AM fun-
gal contributions to early N uptake by the plant. But, most
unexpected were the negative relationships observed between
arbuscular colonization and grain N concentration and plant
biomass at maturity that were based on 96 plot-years, with
root data from 6 plants per plot and 200 microscope fields
per plant. Grain yield, N concentration, and mature plant bio-
mass all shared positive but not significant correlations (data
not shown), and grain yield had a non-significant negative
correlation with arbuscular colonization. Colonization and
plant P concentrations had positive scores on factor 2, sug-
gesting a link between these measures within the dataset, yet
the linear regression analysis of these variable pairs was not
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significant (data not shown). It is likely that this association
only occurred in 1 or 2 years of the 3-year study and is depen-
dent on unknown, annual-specific conditions.

Root colonization is probably the most frequently measured
AM fungal response variable; however, methodological details
vary considerably. In a survey of studies where AM fungi were
inoculated to crop or forage plots, inoculation produced elevated
root colonization and higher yields, but there was no relationship
between the extent of colonization and yield magnitude
(McGonigle 1988). In meta-analyses of cropping systems, ele-
vated rates of root colonizationwith inoculation have been linked
with better crop performance (Lekberg and Koide 2005), partic-
ularly with wheat (Pellegrino et al. 2015). A more recent meta-
analysis of studies using AM fungal inocula that includes natural
systems and excludes fertilized treatments also found positive
relationships between colonization and plant biomass and P con-
centration (Treseder 2013). Most interesting is that the strengths
of these relationships varied with the specific fungal taxa in the
inoculum.

A meta-analysis of agricultural management effects on na-
tive AM fungi found that AM fungal root colonization of
annual crops was increased by cover cropping and reduced
tillage, but no plant performance data were evaluated
(Bowles et al. 2017). Studies of agricultural management
treatments on native AM fungi often find no positive relation-
ship between AM fungal root colonization and crop perfor-
mance parameters (yield, biomass, nutrient uptake) (Barber
et al. 2013; Galvez et al. 2001; Köhl et al. 2014; McGonigle

Fig. 3 Scatterplots of root colonization (arbuscular) and corn grain prop-
erties, n = 93. a Plant (shoot and leaves) N concentration (g kg−1) at the
V6 growth stage with linear regression fitted to the data. b Grain N
concentration (g kg−1) with linear regression fitted to the data. c Plant
biomass (shoots and leaves) at maturity (kg ha−1) with linear regression
fitted to the data
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Fig. 4 Principal components factor loadings for AM fungal response
variables and plant performance variables plotted for factors one and
two. Plant biomass includes shoots and leaves, but not grain. The data
for plant biomass, N, and P were measured at physiological maturity. Fall
and spring NLFA are not included in this analyses because there were no
data for one and 2 years, respectively
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et al. 1990b; Ryan and Graham 2018; Ryan et al. 2005;
Verbruggen et al. 2012). It appears that for non-inoculated
cropping systems, relationships between root colonization
and plant performance are less predictable than inoculated
systems and may depend on the identity of the specific fungal
taxa that are colonizing the crop roots (Dai et al. 2014).
Individual plant cultivars also differ in their growth respon-
siveness to AM fungi; therefore, root colonization may not
always be a suitable indicator for benefits delivered to the
plant (Ryan and Graham 2018; Smith and Smith 2011).

Given the enduring and often beneficial partnership be-
tween plant and mycorrhizae and the documented reduction
of AM fungi by many conventional cropping practices, it
seems justified to identify practices that may increase the na-
tive soil inoculum potential, even when a growth response is
not always observed. It has been pointed out that there are
other potential benefits of increasing soil AM fungal inoculum
in cropping systems such as promoting soil aggregation, car-
bon sequestration, and plant resilience (Smith and Smith
2011). The overall goal of determining the appropriate AM
fungal response variable is to promote adoption of resource-
efficient cropping systems and to understand the basis of their
function. Our results indicate that inoculum potential in terms
of number of AM fungal propagules with theMPN assay or as
biomass according to the NLFA biomarker C16:1cis11 were
effective at distinguishing our agricultural management treat-
ments, although these measures did not correlate with plant
performance indicators. In contrast, corn root colonization by
AM fungi was not affected by cover crop treatment, and ex-
tensive root colonization was associated with lower grain N
concentration and lower plant biomass at maturity.
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