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Abstract: Cover crops (CC) promote soil health, but the termination method can condition the benefits
for soil microorganisms. In a greenhouse experiment, we evaluated the legacy effects of four common
CC termination methods on mycorrhization, soil microbial abundance, structure, and activity, as
well as other soil properties, and its interaction with water levels (well-watered and water deficit).
Mowing and residue incorporation (INC), glyphosate (GLY), roller crimper (ROL) and glyphosate +
roller crimper (RGL) were evaluated, together with no CC, at two sampling dates of a subsequent
maize. The water level modulated the soil microbial response to CC termination methods, especially
in the glyphosate methods. Legacy effects on soil microbial attributes were notable and evolved
differently from maize, from pre-emergence to ~3 months later. At final sampling, INC showed
the best microbial response at both water levels, enhancing most microbial attributes. ROL was the
second most beneficial method, especially in well-watered soil, promoting fungi but nullifying the
CC positive effect on bacteria. Regardless of water level, GLY and RGL showed a similar microbial
response. In well-watered soil, GLY and RGL had a negative effect on the total fungi, which separated
the RGL response from the ROL. Overall, the time since CC termination and water level modulated
the soil microbial response to the termination methods. Further research is needed to investigate
CC termination impacts under different environmental conditions, in order to better understand the
processes involved and provide farm-level recommendations.

Keywords: glyphosate; roller crimper; incorporation; mycorrhizal fungi; qPCR

1. Introduction

Replacing bare fallow with winter cover crops (CC) in annual rotations promotes agroe-
cosystem sustainability by reducing environmental hazards such as soil degradation, nitrate
leaching or climate change, as well as enhancing soil quality and nutrient cycling [1–5]. In
particular, CC promotes soil health, thus enhancing the ecosystem services provided by soil mi-
croorganisms [6,7] with positive effects on microbial communities in semi-arid conditions [8].
In their meta-analysis, Kim et al. [9] indicate that CC improves abundance (27%), activity
(22%) and, to a much lesser extent, diversity of soil microorganisms (2.5%) compared to the
control without CC. However, the positive effect depends on the CC management and tillage
system, as well as climate and soil type. In addition, Muhammad et al. [10] reported that CC
improved abundance (more fungi than bacteria), C and N of the microbial biomass by a
magnitude of 24, 40 and 51%, respectively, compared to no CC. With respect to arbuscular
mycorrhizal fungi (AMF), replacement of bare fallow by CC (except Brassicaceae) provides
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a host for these fungi, which are obligate symbionts [11]. Then, the inoculum is favored and
the colonization of the subsequent crop is increased [12], promoting its nutrition, protection
against pathogens and, in general, resistance to adverse conditions [13].

The effects of CC on soil microorganisms are conditioned by managing practices such
as species choice, termination date, residue management, or termination method [14–18].
CC termination can involve physical means such as mowing, disking, rolling or frost; and
chemical means such as herbicides, whereas residues can be incorporated or left on the
surface as mulch. The way CC are terminated, together with the management of their
residues, can modulate the expected CC benefits in rotations at a microbial level [7,9],
with potential effects on the ecosystem services [19,20] and the subsequent main crop
performance [21].

A traditional method to terminate CC has been mowing and incorporation into the
soil by tillage, which can be effective when aiming to increase N in the soil using a legume
CC [22]. However, soil disturbance is a factor that negatively affects soil microorganisms
in the upper layers compared to no-tillage [23] with relevance to the total fungi and
AMF [24,25]. In contrast, bacteria may be favored by tillage and the entry of organic
debris into the soil [26]. When focusing on the residue, Muhammad et al. [10] found
that incorporation of CC residues into the soil increased the total microbial biomass, total
bacteria, AMF colonization and spore density compared to residues placed on the surface
or removed from the soil.

In conservation agriculture, it is common to use herbicides such as glyphosate to
terminate CC. The use of glyphosate is controversial due to its potential environmental
and health effects [27], therefore a prohibition is envisaged. Although some recent reviews
tend to minimize its effect on soil microbiota at commercial doses [28], the effects, direct or
indirect, on microorganisms are often contradictory [25,29]. Whereas some studies reported
no effects or irrelevant effects when used at recommended commercial doses [30], others
indicated negative impacts for AMF [31] and certain N cycle genes [18], or even positive
effects on some microbial groups such as culturable bacteria [32]. Compared to other
termination methods, Kim et al. [9] found that the positive effects of cover cropping on
microbial properties were reduced under chemical CC termination.

Among the techniques used to avoid or reduce tillage without using herbicides, the
use of a roller crimper is spreading in both conservation and organic farming [33]. The roller
crimper breaks the stems at different heights, forming a layer of residues on the surface [34].
Due to the reduced soil disturbance and the soil moisture preservation by mulching, a
positive effect on soil microbiota, especially fungi, is to be expected [24]. Few studies have
compared the effect of the roller with other methods on soil microbial properties, and
results are divergent [14,18,35–37]. In the event that the roller crimper is combined with
glyphosate, which occurs to ensure its effectiveness (as this may be diminished depending
on the CC species and the phenological stage [38]), no studies on soil microbial properties
were found. The effects could be expected to be intermediate between the two pure methods
that are combined, glyphosate and roller.

Water availability influences root exudates [39] as well microbial community structure,
lowering abundance and activity under water deficit conditions [40], which would tend
to reduce the response to management practices [41]. Therefore, soil moisture can be
expected to modulate the soil microbial response to the CC termination method; however,
this interaction has hardly been studied. In the case of glyphosate, soil moisture affects
its effectiveness as a herbicide [42] and its degradation [43], so it can be expected to
also modulate the effects of glyphosate on soil microorganisms. To our knowledge, only
Rhomdane et al. [18] analyzed the effect of different CC termination methods at two
irrigation levels, finding a limited effect. In view of the few existing studies about the
effects of different termination methods and their interaction with water levels on soil
microbial attributes, more research is needed to shed light on the processes involved and
the design of smart farming systems.
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Therefore, the main objective of this study was to evaluate the legacy effects of different
CC termination methods on soil microbial attributes, measured in the subsequent main
crop and their interaction with two water levels, well-watered and deficit water. For this
purpose, we set up a microcosm essay with maize as the main crop. On two sampling
dates we measured variables related to microbial biomass, structure, and activity, as well
as several soil physicochemical properties. We expected: (i) increased differences among
the soil microbial responses to termination methods under well-watered conditions, (ii)
a different soil microbial response according to the termination method, with bacteria
being stimulated when CC residues were incorporated, while fungi and AMF stimulated
when rolled; (iii) an intermediate response for the method combining roller crimper with
glyphosate, between the methods of glyphosate and roller crimper separately.

2. Materials and Methods

The experiment was carried out with microcosms in a greenhouse located in central
Spain. In short, a CC mixture was grown to evaluate the legacy effects of different CC
termination methods under two water levels on selected variables at two sampling dates
of a subsequent maize. We measured selected soil microbial variables shortly after the
CC period, in pre-emergence, and both soil microbial and physicochemical variables were
measured at the early growth stage of the maize.

2.1. Experimental Design and Setup of the Experiment

The experiment consisted of two study factors. The first was the CC termination
method with five levels: mowing and incorporation (INC), glyphosate (GLY), roller crimper
(ROL), the combination of glyphosate with roller crimper (RGL), and a control without
CC (CON). The second factor was the water availability, with two irrigation levels: well-
watered or high (H), near optimum conditions, and water deficit or low (L), with the low
level being 75% of the high level. In total, ten treatments (5 × 2) were randomly distributed
in five blocks, resulting in 50 microcosms. The greenhouse had a cooling and heating system
with supplementary lighting allowing for semi-controlled conditions, which resulted in a
mean temperature of 15 ◦C during the CC period and 19 ◦C during the main crop period.

The soil used in the microcosms was extracted from the surface horizon (0–20 cm)
of a Haplic Calcisol at the experimental field station “La Chimenea”, located in the Tajo
River basin in Aranjuez (Madrid). The climate of this area is Bsk [44], with a mean annual
temperature of 14.5 ◦C and a mean annual precipitation of 415 mm. The sampling site
corresponded to an area devoted to irrigated maize cultivation under a traditional tillage
system. The soil was sieved in the field at 1 cm and then homogenized. This initial soil
showed alkaline pH (8.5), silt loam texture (27% sand, 52% silt, and 21% clay), relatively
low organic carbon and nitrogen concentrations (1.01% and 0.11%, respectively), and
relatively high calcium carbonate (20%). This soil is known to have a low structural stability
and a tendency to form a crust [45]. In a previous microcosm test, the soil showed high
compaction, so in order to facilitate drainage and infiltration, a substrate consisting of two
volumes of soil with one volume of siliceous river sand (autoclaved at 121 ◦C for 2 h) was
used to fill microcosms sized 30 × 12 × 10 cm.

Based on previous studies [21], the CC consisted of a mixture of barley (Hordeum vulgare
L.), and vetch (Vicia sativa L.) at 1:1 proportion. The CC mixture was sown at a depth
of 3 cm at a density of 16 plants per microcosm, and then thinned to leave 5 plants per
species and microcosm. CC were grown for 14 weeks, and during that time they were
irrigated 2 to 3 times per week according to crop demand. On average, CC received 47
and 36 mm per month at the high and low irrigation level, respectively. No fertilization
was applied during the CC phase. Three months after CC sowing, glyphosate was applied
at a commercial dose of 4 L ha−1 (isopropylamine salt of glyphosate at 36%) to terminate
the CC in the GLY and RGL microcosms. For the glyphosate application, the microcosms
were moved to another room to avoid cross contamination. A week later the remaining
termination methods were applied. For INC, we simulated mowing by cutting the plant
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shoots at ground level and then tearing with a grinder, and the incorporation was done
with a hand cultivator at 5–6 cm depth. The termination by roller crimper was simulated
with two passes of a mini roller crimper built ad hoc (publication number: ES1290154U)
for the greenhouse experiment, to resemble that used in a field trial [21]. The mini roller
crimper was designed to produce the effects of the roller crimper in microcosms, in such
a way that the roller moved over the crop, breaking its stems at different heights, and
forming a mulch on the ground. To do this, it was necessary to adjust the weight of the
roller to produce the termination of the CC and to exert the same pressure on all replicates.
In the ROL method, the mini roller was applied directly on the living plant, while in the
combined method of glyphosate and roller crimper, it was applied on the plants treated
with glyphosate a week before, following the usual procedure under field conditions [21].

Ten days after glyphosate application and 3 days after applying the other termination
methods, the maize (Zea mays L. cycle 700), was sown at a density of 3 seeds per microcosm.
During the growth of the main crop, the maize was irrigated according to the two irrigation
levels, receiving on average 61 mm per month at the high level and 46 mm at the low
one. All treatments received fertilization equivalent to 37 units of N, 35 units of P2O5 and
60 units of K2O (kg/ha) under a low-input approach, mainly for N.

2.2. Sampling and Measurements

During the experiment, several non-destructive soil and plant measurements were
carried out, of which soil penetration resistance (PR), soil moisture and soil temperature
are reported here for the final sampling. Penetration resistance at the topsoil (0.5 mm)
was measured with a ST 315 pocket penetrometer, 6.35 mm diameter (Farnell, Lainate,
Italy). Soil temperature and soil moisture in the top 5 cm were recorded with an ECH2O
5TM sensor (Decagon Devices, Inc., Washington, DC, USA), previously calibrated in the
study soil.

Soil sampling was conducted twice, at maize pre-emergence 4 days after sowing
(DAS), which was 14 days after glyphosate application, and at the end of the experiment, at
57 DAS maize. In maize pre-emergence, soil samples were taken with a cylindrical sampler
(3 cm Ø and 8 cm depth); the resulting holes were filled with the original mixture of soil
and autoclaved sand (2:1) and marked to avoid being sampled again. Selected microbial
variables were determined in this sampling according to the methods described below. In
the final sampling, undisturbed soil samples were extracted with a metal cylinder (5 cm Ø
and 5 cm height) to obtain the soil bulk density. The 3 maize plants of each microcosm were
taken, together with its soil. The soil was carefully separated from the roots, and then the
shoots from the roots. Secondary roots were separated from the primary ones and stored at
4 ◦C in a 50% ethanol solution for subsequent AMF root colonization. To do this, the fine
maize roots were emptied using KOH, stained with ink and vinegar [46], and the AMF
structures were counted using the magnified intersections method [47].

The soil samples from each microcosm were pooled into one and then subdivided
into 3 parts for air drying, refrigeration at 4 ◦C, and storage at −20 ◦C. Samples were
sieved at 2 mm, and for certain chemical properties the air-dried samples were milled
with a ball mill. Soil pH and electrical conductivity at 25 ◦C (EC) were measured in a
1:2.5 (w/v) aqueous extract. Total organic carbon (TOC) concentration was measured
by the Walkley-Black method [48] and total nitrogen (TN) concentration by the Kjeldahl
method [49]. Dissolved organic carbon (DOC) was obtained by the dichromate method
adapted to low concentrations [50] after extraction with potassium sulphate 0.5 M [51].
Available soil P was determined by ICP-OES (iCAP 6500-Duo, Thermo Scientific, Waltham,
MA USA) after extraction with Mehlich III solution (1:10, w:v).

Microbial variables were determined in the cold preserved samples. When frozen
samples were used, they were incubated for 7 days at 22 ◦C and 60% of water holding
capacity before analysis. Soil basal respiration (BR) was measured by CO2 quantification in
an alkaline trap after incubation for 24 h at 22 ◦C [52]. Substrate-induced soil respiration
(SIR) was obtained by the same procedure after adding glucose (3:1 ratio talc to glucose)
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and incubation for 4 h at 22 ◦C [52,53]. Microbial biomass C (MBC) was measured by the
fumigation-extraction method [51]; then, the metabolic quotient (qCO2, basal respiration to
MBC ratio) and the microbial quotient (qMIC, MBC to TOC ratio) were obtained [54,55].
The length of the extra-radical hyphae was determined from an aqueous extraction, as
described by García-Gonzalez et al. [56] based on the membrane filter technique [57] and
the grid-line-intersect method [58].

Deoxyribonucleic acid (DNA) was extracted from each soil sample with the PowerSoil®

DNA isolation kit (Mo-Bio laboratories, Carlsbad, CA, USA) to estimate the abundances
of total bacteria, total fungi, and total archaea by quantitative polymerase chain reaction
(qPCR). The 16S ribosomal ribonucleic acid (rRNA) genes were used to estimate total
bacteria and total archaea, whereas the abundance of the total fungal community was
studied using the ITS region. The primers used to amplify the genes are detailed in Table S1.
The DNA extracts were evaluated with a series of dilutions to identify possible inhibitions
and to determine the dilution that produced the highest copy number. The base DNA
of the standard curve and the control without DNA were amplified in duplicate on the
same plate as the samples. All qPCR amplifications were carried out in a final volume
of 20 µL containing 10 µL of the KAPA SYBR® FAST qPCR Master Mix Kit (2×) (Kapa
Biosystems, Washington, MA, USA), 4.2 µL of nuclease-free water, 0.4 µL of each primer
(10 µM), and 5 µL of pre-diluted template DNA using a real-time system (LightCycler®

480-Roche, Rotkreuz, Switzerland). Standard curves were generated using dilutions of
linearized cloned plasmids. The genes were cloned into P-GEM T-easy (Promega, Madison,
WI, USA) and the inserts were sequenced to confirm their correct length and identity. The
standard curves generated in each reaction were linear (serial dilutions of plasmids from
102 to 107 gene copies) with R2 values greater than 0.98. The amplification efficiencies of all
quantification reactions were 80–100%. The copy number of bacteria, archaea and total fungi
were expressed as Log10 gen g−1 dry soil. The ratio fungi/bacteria (F/B) were obtained by
dividing the respective Log10 of the fungal and bacterial copy numbers. Overall, MBC was
taken as proxy for soil microbial abundance; total bacteria, total fungi, and total archaea for
microbial structure; AMF colonization and hyphal length for mycorrhizal variables; and
BR, SIR, qCO2 and qMIC for microbial activity.

2.3. Statistical Analysis

An analysis of variance was applied with a mixed linear model for a factorial ran-
domized block design. The termination method, the water level and their interaction were
considered fixed effects, while the block was considered a random effect. The normality
and homoscedasticity of the data were verified with 95% confidence. A Box-Cox trans-
formation was applied to the variables that required transformations, so that a logarithm
transformation was used for the microbial variables (AMF colonization, hyphal length,
qCO2) and for physicochemical variables (PR, DOC/TOC, C/N, C/P, soil moisture). Dif-
ferences between means were evaluated with the Tukey test for a p-value < 0.05. Given
the strong interaction between the termination method and the water level, for microbial
variables, ANOVA was also performed separately for high and low irrigation doses. The
Pearson’s product-moment and their significance levels were calculated to assess relation-
ships among the soil properties and the microbial variables in the maize soil. To relate
microbial variables (response variables) to treatments and soil physicochemical variables
(explanatory variables), a redundancy analysis (RDA) was performed. Treatments were the
combinations of the 5 levels of the termination factor and the two levels of irrigation. Both
response and explanatory variables were transformed as indicated above to ensure linearity
and symmetry, and standardized. The RDA was performed firstly considering only treat-
ments, secondly only soil variables and, finally, both groups together. For multicollinearity
reasons, microbial variables were reduced to 9 variables and soil variables to 10 in a first
approximation. A Monte Carlo permutation test was conducted using 999 permutations for
a forward, backward, and stepwise forward procedure to select the soil variables (p < 0.05).
All three procedures resulted in the same soil variables. The soil variables resulting from
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the selection procedure were used in the final RDA together with the treatments. Separate
ellipses on the biplot show a well-defined region in the biplot plane. A variance partition-
ing analysis was carried out following a Monte Carlo permutation test to explore how
much of the microbial response was explained by the treatments, and how much by the
soil variables. In the next analysis, conditional effects were tested using treatments as a
covariate. The significance level was set at p ≤ 0.05. Analyses were performed with the
software R version 4.2. [59]. The RDA analysis was performed with the function rda of the
vegan package [60] and the RDA plot with the ggplot2 package [61].

3. Results
3.1. Soil Microbial Variables at Maize Pre-Emergence and 57 Days after Sowing Maize

Most soil microbial variables were measured at maize pre-emergence, and 57 DAS
(Tables 1 and 2) were affected by the termination factor. A significant proportion of them
showed interaction between the termination method and the water level (Figures 1 and 2).
At maize pre-emergence (Table 1), hyphal length was affected by both factors but not by
its interaction: INC increased hyphal length by more than 50% compared to the control
without CC, and a similar increase was shown by the high compared to the low water level.
Bacterial abundance, fungal abundance, and F/B ratio showed a strong interaction between
factors (Table 1 and Figure 1). A high water level triggered differences between termination
methods for bacteria and F/B. At a high water level (Table S2), GLY decreased bacteria
by 13% (in terms of log10) compared to CON, while INC showed the highest bacterial
abundance (8% more than CON). At a low water level, all CC treatments showed more
bacteria than CON, but GLY remained below the others. All CC treatments, and especially
GLY showed more fungi than CON, regardless of water level. At a high water level, GLY
showed the highest F/B (25% higher than CON, INC and ROL) followed by RGL (15%
higher), whereas at a low water level, the peak moved to RGL (12% higher than CON).
Archaea responded to the termination method with the lowest value for CON and the
highest for the treatments with the roller crimper (Table 1).

Table 1. Soil microbial variables as affected by termination method (TM) and water level (WL) at
maize pre-emergence.

Factors Levels Hyphal Length Total Bacteria Total Fungi Fungi/Bacteria Total Archaea
cm g−1 Log10 Copies g−1 Log10 Copies g−1 Log10 Copies g−1

TM

CON 16.78 a 8.60 6.31 0.73 6.77 a

INC 26.75 b 9.37 7.07 0.75 7.54 b

GLY 23.87 ab 8.35 7.04 0.84 7.60 bc

RGL 19.70 ab 9.07 7.53 0.83 7.74 c

ROL 22.75 ab 9.22 6.86 0.74 7.76 c

WL High 26.70 b 8.89 6.91 0.78 7.49 a

Low 17.87 a 8.95 7.01 0.78 7.47 a

TM ** *** *** *** ***
WL *** * *** ns ns

TM x WL ns *** *** *** ns

CON: control, INC: mowing + incorporation, GLY: glyphosate, RGL: glyphosate + roller, ROL: roller crimper.
Different letters indicate significant differences between means according to Tukey’s HSD test (p-value < 0.05).
*** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ns: p-value > 0.05.
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Table 2. Soil microbial variables as affected by the termination method (TM) and water level (WL) at 57 DAS maize.

Factors Levels
AMF
Col.

Hyphal
Length Basal Resp. SIR MBC qCO2 qMIC Total

Bacteria Total Fungi Fungi/
Bacteria

Total
Archaea

% cm g−1 mg C-CO2
kg−1h−1

mg C-CO2
kg−1h−1 mg kg−1 mg C-CO2 mg

MBC h−1 mg MBC g−1 C Log10 Copies g−1 Log10 Copies g−1 Log10 Copies g−1

TM

CON 10.8 a 18.13 a 0.64 a 1.52 a 42.61 a 0.019 b 8.78 a 9.87 a 6.32 a 0.64 a 7.32 a

INC 26.6 b 30.51 b 0.76 a 0.93 a 68.8 ab 0.011 ab 13.46 a 10.41 c 7.14 c 0.68 c 8.53 e

GLY 16.0 ab 19.14 a 0.71 a 1.67 a 65.0 ab 0.011 ab 12.98 a 10.15 b 6.86 b 0.67 bc 8.21 c

RGL 16.6 ab 16.86 a 0.55 a 1.32 a 67.4 ab 0.008 a 13.61 a 10.18 b 6.73 b 0.66 b 8.01 b

ROL 22.1 b 24.27ab 0.76 a 1.53 a 72.8 b 0.012 ab 14.83 a 9.98 a 7.10 c 0.70 d 8.40 d

WL High 21.5 b 24.01 a 0.69 a 1.43 a 66.1 a 0.012 a 13.13 a 10.26 b 6.73 a 0.65 a 8.15 b

Low 15.3 a 19.76 a 0.68 a 1.36 a 60.5 a 0.012 a 12.34 a 10.00 a 6.91 b 0.69 b 8.04 a

TM *** ** ns ns * * ns *** *** *** ***
WL * ns ns ns ns ns ns *** *** *** ***

TM x WL ns ns ns ns * ns * *** *** *** ***

CON: control, INC: mowing + incorporation, GLY: glyphosate, RGL: glyphosate + roller, ROL: roller crimper, AMF Col.: AMF colonization, Basal resp: basal respiration, SIR: substrate
induced respiration, MBC: microbial biomass carbon, qCO2: metabolic quotient, qMIC: microbial quotient. Different letters indicate significant differences between means according to
Tukey’s HSD test (p-value < 0.05). *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ns: p-value > 0.05.
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Figure 1. Total bacteria, total fungi, and ratio Fungi/Bacteria at maize pre-emergence for the termina-
tion methods: control (CON), mowing + incorporation (INC), glyphosate (GLY), glyphosate + roller
(RGL), and roller crimper (ROL), under two water levels. Bars represent 95% confidence intervals
according to Tukey’s HSD method.
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Figure 2. Basal respiration, microbial biomass carbon, total bacteria, total fungi, and F/B ratio at
57 DAS maize for the termination methods: control (CON), mowing + incorporation (INC), glyphosate
(GLY), glyphosate + roller (RGL), and roller crimper (ROL), under two water levels. Bars represent
95% confidence intervals according to Tukey’s HSD method.

At 57 DAS maize (Tables 2 and S3), all microbial variables, except BR and SIR, were
sensitivity to the termination factor, and a large part showed interaction between the factors
(Figure 2). INC followed by ROL stimulated the mycorrhizal variables the most. INC
increased mycorrhizal colonization by 2.5-fold and hyphal length by 1.7-fold compared
to CON. ROL showed the highest values of MBC and qMIC (p < 0.1) compared to CON.
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For INC, a high water level stimulated MBC to a greater extent than a low water level,
with basal respiration showing the same trend (p < 0.1). Water level had no effect on the
other termination methods. For the major groups of microorganisms, we found a strong
interaction, and in general a high water level tended to widen the differences between
termination methods. For bacteria, INC showed the highest abundance at both water levels,
whereas CON and ROL showed the lowest values overall with no effect on irrigation dose.
Compared to low, a high water level significantly increased bacterial abundance for INC,
GLY and RGL, the latter showing the greatest difference between irrigation levels (6% more
at the high dose). For fungi, the water level only influenced GLY and RGL, with greater
differences between levels for GLY. The F/B ratio behaved similarly. GLY was also the most
sensitive to water level for archaea, with higher abundance at the high irrigation dose.

Regarding the evolution of microbial variables from pre-emergence to 57 DAS (Table S2),
i.e., already under the influence of the main crop, the termination methods tended to
reduce their differences over time, except for archaeal abundance. The overall hyphal
length increased, as did bacteria and archaea abundances, while F/B tended to decrease.
Regarding bacteria, the strong negative effect of GLY under high irrigation disappeared
and became positive. Over time, the positive effect of ROL on fungi improved from the
lowest values (except CON) to the highest. In contrast, RGL went from the highest values
at pre-emergence to the lowest at 57 DAS (considering both water levels together). In GLY,
the water level went from having no effect to having a notable effect at 57 DAS. F/B also
underwent marked changes over time, especially because of the sharp drop in the two
methods with glyphosate. The passing of time favored the positive effect of INC on archaea
over ROL, while that of RGL declined.

3.2. Soil Physicochemical Variables at 57 Days after Sowing Maize

The soil physicochemical variables responded to the factors in a weaker way than the
microbial ones, with only EC and penetration resistance standing out (Tables 3 and S4).
There was hardly any interaction between factors, and only a few variables (C/N, N/P,
and soil moisture) showed a weak interaction. As for the microbial variables, a high water
level tended to widen the differences between the termination methods. ROL showed the
lowest value of EC with a decrease of ≈40% compared to CON, which showed the highest
value. C/P ratio was higher in GLY than in CON, regardless of water level. The rest of C
variables showed no response to these factors. At a high water level, GLY increased N/P
relative to CON. Soil moisture did not vary with the termination methods at a low water
level, while at a high level RGL showed higher values than INC and CON. Soil moisture
differences between water levels were higher for RGL followed by GLY, whereas there were
no differences for INC. Temperature tended to be lower for RGL and ROL. INC increased
penetration resistance by ≈50% compared to the two methods with glyphosate, but with
no difference to CON. The soil variables that showed the highest correlations with the
microbial variables were pH and soil moisture, especially with bacteria (r = 0.39 ** and
0.47 ***, respectively), and to a lesser extent, DOC and electrical conductivity (Table S5).

3.3. Redundancy Analysis to Explain Soil Microbial Variables at 57 Days after Sowing Maize from
Treatments and Soil Physicochemical Variables

The 10 treatments resulting from the combination of the five termination methods and
the two water levels explained almost 61% of the variability of the 9 microbial variables (SIR,
MBC, qCO2, AMF colonization, Hyphal length, Bacteria, Fungi, Fungi/Bacteria, Archaea).
The first two canonical axes were significant and jointly explained 83% of the 61%, with an
adjusted R2 of 51.6%. Figure 3 shows the biplot relating the microbial variables (vectors
in black) with the treatments (ellipses grouping the microcosms of each treatment, blue at
high water level and red at low level). The two treatments without CC, at high and low
water level, were projected together in the left part of the biplot and showed a microbial
response that clearly differentiated from that of the treatments with CC, especially INC.
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The control treatments were associated with lower values of microbial variables except for
the metabolic quotient.

Table 3. Soil physicochemical variables as affected by termination method (TM) and water level (WL)
at 57 DAS maize.

Factors Levels pH1:2.5 EC1:2.5 TOC DOC %DOC/
TOC C/N C/P N/P Moisture T PR Db

µS cm−1 g kg−1 mg kg−1 %v ◦C kg cm−2 g cm−3

TM

CON 8.35 a 244 c 4.90 a 58.1 a 1.19 a 8.14 a 0.16 a 0.02 a 5.12 ab 24.7 a 1.82 ab 1.30 a

INC 8.45 a 188 ab 5.09 a 56.3 a 1.11 a 9.24 a 0.18
ab 0.03 a 4.67 a 24.2 a 2.13 b 1.32 a

GLY 8.48 a 191 abc 5.08 a 54.6 a 1.08 a 7.28 a 0.21 b 0.02 a 6.70 ab 24.7 a 1.39 a 1.37 a

RGL 8.41 a 217 bc 5.05 a 54.6 a 1.10 a 8.04 a 0.17
ab 0.02 a 7.70 b 23.6 a 1.37 a 1.33 a

ROL 8.43 a 143 a 4.99 a 54.0 a 1.10 a 6.73 a 0.18
ab 0.02 a 5.57 ab 23.8 a 1.75 ab 1.35 a

WL High 8.46 a 190 a 5.07 a 55.8 a 1.10 a 8.00 a 0.19 b 0.02 a 8.48 b 24.0 a 1.60 a 1.35 a

Low 8.39 a 204 a 4.98 a 55.3 a 1.12 a 7.80 a 0.16 a 0.02 a 3.06 a 24.5 a 1.78 b 1.32 a

TM ns *** ns ns ns ns * ns * ns *** ns
WL ns ns ns ns ns ns ** ns *** ns * ns

TM x WL ns ns ns ns ns * ns * * ns ns ns

CON: control, INC: mowing + incorporation, GLY: glyphosate, RGL: glyphosate + roller, ROL: roller crimper; EC:
electrical conductivity at 25 ◦C, TOC: total organic carbon, DOC: dissolved organic carbon, C/N: carbon/nitrogen
ratio, C/P: carbon/phosphorus ratio, T: soil temperature, PR: penetration resistance, Db: bulk density. Different letters
indicate significant differences between means according to Tukey’s HSD test (p-value < 0.05). *** p-value < 0.001,
** p-value < 0.01, * p-value < 0.05, ns: p-value > 0.05.
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Figure 3. Redundancy analysis (RDA) results at 57 DAS maize for soil microbial variables and ten
combined treatments of termination methods and water levels. CON: control, INC: mowing + incor-
porating, GLY: glyphosate, RGL: glyphosate + roller, ROL: roller crimper; H: high water level, L: low
water level; qCO2: metabolic quotient, SIR: substrate induced respiration, Col: AMF colonization,
MBC: microbial biomass carbon.

Regarding the CC treatments, and in view of how microcosms are grouped into the
ellipses (Figure 3), the high water level increased the differences between termination
methods to a greater extent than the low water level. INC and ROL, located to the right
of the biplot, together with most of the vectors of the microbial variables, showed higher



Agronomy 2022, 12, 3002 11 of 20

values of these variables. ROL was associated with higher fungal abundance and high F/B,
while INC stood out for its level of archaea, bacteria, and AMF colonization. Water level had
little influence on both methods (overlapping ellipses of high and low water levels), with
higher abundance and activity of microorganisms at higher water level (ellipses shifted to
the right).

The two methods applying glyphosate (GLY and RGL) showed a similar microbial
response regardless of the water level, but this response was strongly influenced by the
irrigation dose. Thus, at a high water level (blue), the ellipses of these two treatments
overlapped at the top of the biplot, associated with high bacteria abundance, low fungi
abundance and low F/B. However, at a low water level, their behavior was opposite to
the high level (lower part of the biplot), associated with less bacteria, more fungi, higher
F/B, and lower abundance of archaea. At this level, the ellipses of GLY, RGL and ROL were
close, with the microbial response of RGL being intermediate between GLY and ROL. It
should be noted that GLY showed a different response to the other methods (except for
RGL) at both low and high water levels.

In summary, the CON response differed from the CC treatments, especially INC, and
in general, CON showed lower values for the microbial variables except for the metabolic
ratio. INC stimulated mycorrhizal variables as well as the major groups of microorganisms
and F/B ratio. ROL was also noted for its positive effect on microbial variables, especially
for fungi, to the detriment of bacteria and a high MBC value. GLY and RGL were more
sensitive to water level than the others, for bacteria, fungi, and F/B, and in general had a
moderate positive effect, even neutral on mycorrhizal variables.

On the other hand, the 10 soil variables (pH, EC, DOC, DOC/TOC, C/N, C/P, N/P,
penetration resistance, soil temperature, and soil moisture) explained 34.4% of the vari-
ability of the microbial variables. The first two axes explained 72.4% of the 34.4%, with an
adjusted R2 of 16.1%. After applying different variable selection processes, they resulted in
a model with the variables pH, EC, DOC and DOC/TOC, which were all significant. This
reduced model obtained an adjusted R2 of 17.6%. When both the treatments and the four
selected soil variables were included together in the model, 67.7% of the variability was
explained. The first two canonical axes were significant and explained 77% of this variabil-
ity, i.e., 52% (Figure S1). The third axis was also significant and explained an additional
10%. The four soil variables were significant and the adjusted R2 of the model was 55%.
Regarding partition, if we discount what is explained by the soil variables, the treatments
explained 37.3% of the variability of microbial variables. In contrast, if we discount what is
explained by the treatments, the soil variables explained only 3.3% of the variability, with
pH being the only significant variable. The two sets of variables had in common 14.3% of
the variability explained.

4. Discussion

As expected, the replacement of bare soil by CC modified the microbial structure and
enhanced variables of microbial abundance and activity compared to no CC. However, the
CC benefits on microbial attributes in the subsequent maize were sometimes reduced or
even cancelled out depending on how the CCs were terminated, with the effects evolving
from maize pre-emergence till ~3 months after sowing. Water level differently modulated
the microbial response to the termination methods, with differences between methods
amplified under the high irrigation dose.

The bare soil treatment showed a microbial response in the subsequent maize (57 DAS)
globally different from that of the CC treatments (Figure 3, Table 2), with lower values of
AMF colonization, MBC, qMIC (p < 0.1), F/B, and abundances of total bacteria, fungi and
archaea, but a higher metabolic quotient, suggesting a larger level of stress [62]. In contrast,
the presence of CC living roots and their exudates [63], the ability to harbor AMF [12], the
higher functional diversity of plants provided by the CC mixture (grass and legume) [64],
as well as the contribution of its residues (shoot and root) [65], modified the microbial
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structure and reinforced microbial abundance and activity relative to no-CC. These effects
were favored by the coarse texture and low level of organic matter of the study soil [66].

4.1. Effects of CC Incorporation and Rolling on Soil Microbial Attributes at 57 DAS Maize

Termination by INC, followed by ROL, showed the most positive microbial response
overall compared to no CC. INC stood out for high levels of mycorrhizal variables, abun-
dances of total bacteria, fungi and archaea, and high F/B. Being a soil poor in OM and
mixed with sand, the incorporation of fresh and fragmented shoot debris into the soil,
together with root breakage, provided an important C source which, together with the
oxygen influx, stimulated microorganisms [15]. The positive effect on bacteria is well
known and results from bringing a C source closer to this group of decomposers with
limited mobility [26]. For the same reason, archaea responded very well to CC residue
incorporation, although they showed less sensitivity to the termination method, perhaps
because of their greater hardiness and adaptability [67]. With respect to fungi, INC did
not have a negative effect as might be expected from soil disturbance [23]. Being a single
vertical, shallow tillage, the positive effect of the input of organic residues in a poor soil
predominated over the negative effect on mycelium due to soil disturbance. Moreover,
the negative effect of INC on soil penetration resistance did not affect the improvements
mentioned above.

Termination by ROL, especially at a high water level, also enhanced most microbial
variables. The positive role of ROL can be attributed to the lack of soil disturbance, moisture
protection and higher temperature stability [68], although ROL partly failed to preserve
moisture due to ineffective killing (data not shown), so its best performance occurred at a
high water level. Muhammad et al. [10] reported the CC positive effect on soil microbial
attributes both when residues were incorporated and when residues were left on the surface,
with a slight advantage for INC in bacteria and AMF colonization. The relative similarity
between both methods was also reported by several studies [35–37] for a variety of soil
biochemical and biological parameters. In contrast to INC, leaving CC residues on the
surface promoted fungi [26], especially mycelium-formers judging by the high MBC, to
the detriment of bacteria. Limited access to shoot residues, together with lower killing
effectiveness [38], which reduces the release of labile C forms from dying roots, can explain
the low performance of ROL to such an extent that cancelled out the positive effect of CC
on bacteria, triggering the F/B ratio. Elfstrand et al. [69] found a higher level of bacteria
over time when red clover residues were incorporated than when left on the surface, while
the levels of total fungi and AMF tended to equalize in line with our results. That is,
INC enhanced both prokaryotes and fungi, while ROL was notable for its negative effect
on bacteria.

The slightly worse performance of ROL versus INC is partly in line with the results
of the meta-analysis by Kim et al. [9], who found that conventional management with
incorporation of CC residues had an overall more positive effect at the microbial level
than conservative management without soil disturbance. In our case, INC performance is
certainly noticeable compared to when residues are left on the surface after glyphosate (INC
> GLY, RGL), but it is less important when the roller crimper is applied alone (INC≈ROL).
Then, the differences seem to be more related to glyphosate, which is common in con-
servative management, than to the non-incorporation of residues. Therefore, in future
meta-analyses it would be important to differentiate within the residues left on the surface,
whether glyphosate was applied or not.

Soil moisture is a key factor in the abundance and activity of microorganisms [70],
so that lack of water has a negative effect with and without tillage [71]. In that line was
the microbial response of INC and ROL with the worse performance at a low water level,
but this effect was slight given the overlapping ellipses at high and low water levels in
both methods (Figure 3). Bacteria were particularly sensitive to water level, as shown
by their positive correlation with soil moisture (r = 0.47 ***). Thus, under INC, bacteria
were the most sensitive group to water level [40], so that water lack reduced the positive
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effect of CC by almost half, while other termination methods without incorporation even
cancelled out the positive effect of CC on bacteria. The combination of dry conditions with
the consequent restriction in solute diffusion [40], together with the lack of fresh residue
input to the soil, may have been especially limiting for bacteria in such a nutrient-poor soil.
Lower competition from bacteria in dry conditions may have benefited fungi and archaea,
reducing the impact of water stress on these groups, and enhancing F/B. In ROL, archaea
were somewhat more sensitive to water level, with slightly higher abundance in water
deficit than in well-watered conditions. Archaea, which are slower growing than bacteria,
may have benefited from reduced bacterial growth due to both reduced water and lack of
residue incorporation [16].

4.2. Effects of Glyphosate with and without Rolling on Soil Microbial Attributes at 57 DAS Maize

The legacy of RGL and GLY on soil microbial attributes of the subsequent maize was
quite similar regardless of water level. GLY and RGL share the application of glyphosate,
but while CC are left intact in GLY, in RGL a roller is subsequently rolled over forming a
mulch of residues on the surface. This mulch can be expected to protect against evaporation
resulting in higher soil moisture and lower temperature [72], which are important variables
regulating the activity of microorganisms in the soil [70]. Although the numerical value of
moisture is somewhat higher and that of temperature somewhat lower in RGL than in GLY
(7.70% and 23.6 ◦C vs. 6.70% and 24.7 ◦C, respectively), the differences were not significant,
suggesting a limited effect of mulch that may have brought the microbial responses of GLY
and RGL closer.

Both GLY and RGL showed an overall less positive response relative to CON than INC
and ROL. These results agree with Kim et al. [9], who found that benefits of cover cropping on
certain microbial variables, such as microbial abundance, phosphatase activity and Shannon’s
diversity index, were reduced under chemical compared to mechanical termination. Other
studies found a worse performance of glyphosate only versus mowing (closer to our ROL
because it is mechanical and the residue remains on the surface) as Liang et al. [14] for
microbial biomass and nitrification potential, or Adetunji et al. [7] for beta-glucosidase.
In contrast, Romdahne et al. [18] found no differences between glyphosate and other
termination methods (roller crimper, frost) in bacterial abundance, but they did in certain
N cycling parameters.

It is known that besides plants, microbes including fungi and bacteria contain the
molecular target of glyphosate [28]. Different groups of microorganisms display variations
in this target’s sensitivity which, besides some differences in the glyphosate degradation
capacity or in coping with the oxidative damage caused by this herbicide, can generate
important shifts in the microbial community composition in the soil [27]. In this study,
the legacy effects of glyphosate on the major groups of microorganisms were strong and
modulated by water level. At a high water level, we found a positive effect of GLY/RGL
on bacteria, which was lower than that of INC in the case of GLY, but much higher than
the ROL performance. Apart from the CC effect itself, the positive effect may be related
to that found by other studies with commercial doses [32,73,74]. This is attributed to the
glyphosate nature as a source of nutrients that bacteria can extensively exploit [28,75], being
favored by the scarcity of colloids that could provide protection against biodegradation.
Furthermore, the effectiveness of killing by glyphosate and rapid release of labile C forms
after root decay [32] provides an additional stimulus for bacteria. Compared to INC, GLY,
with erect and intact shoot, can hardly compete with the advantage of intimate in-soil
contact of previously fragmented shoot residues with bacteria. In dry conditions, it seems
that water lack, together with the lack of residue incorporation, cancelled out the expected
benefit of CC on bacteria, except for INC as mentioned above. Sheng et al. [73] reported
that the stimulatory effect of glyphosate did not occur under dry conditions for the more
drought-sensitive Gram-bacteria, in line with our work.

Termination by GLY also favored archaeal abundance in well-watered conditions.
As with bacteria, our results are in line with Means et al. [76], who reported a positive
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effect of glyphosate when coupled with adequate soil water conditions. However, under a
low water level, glyphosate reduced the positive effect of CC compared to INC and ROL,
suggesting an adverse effect. Some studies reported a negative effect of glyphosate on total
archaea [74] or on nitrifying archaea [77], although other studies indicate neutral effects on
nitrifying archaea [78].

Regarding fungi, fewer studies analyzed the effect of glyphosate compared to bacteria.
In general, none or minor effects were reported [28,79–81]; in some cases, sensitivity
depended on fungal taxa [82], and in others, stimulation of pathogenic fungi were inherited
by the main crop [29]. Compared to INC and ROL, and for a high water level, the CC
positive effect on fungi was reduced by more than half by glyphosate, indicating an adverse
effect on this group in agreement with the findings of Vazquez et al. [83]. Sheng et al. [73]
suggested a higher enzyme sensitivity to glyphosate in fungi than in bacteria, which could
explain why few fungal groups are able to biodegrade it [74]. In our case, with a potentially
more sensitive, coarse-textured soil [84], higher soil water availability may have enhanced
the effectiveness of glyphosate [42] and altered the composition of exudates [39], being
affected by those fungal groups with higher susceptibility [82].

Taken together, the responses of the major groups of microorganisms confirm that
well-watered conditions would tend to widen the differences between CC termination
methods, mainly because under water restriction microbes become resource limited [85],
equaling microbial responses, or because the effect of glyphosate is reduced [42]. It is worth
noting that at a high water level, RGL clearly differed from ROL due to the reinforcement
of the glyphosate effect under optimum water conditions, while in a low water level, RGL
maintained similarities with both GLY and ROL in a kind of intermediate behavior.

Regarding AMF, our results suggest that the use of glyphosate to terminate CC,
without subsequent incorporation, tends to cancel out the expected positive effect of CC on
the studied mycorrhizal variables regardless of the irrigation level. If CON is ignored to
compare only methods with CC, glyphosate treatments showed lower hyphal length and
AMF colonization (p < 0.1) than INC, suggesting a negative effect of glyphosate in line with
studies in greenhouse [86,87] and field conditions [31,88]. However, being the means for
GLY and RGL lower than for ROL in numerical terms, the differences were not significant
at 95%, and we cannot conclude a negative effect of glyphosate on mycorrhizal variables.
This is in line with other studies in greenhouse [80] and field conditions [73].

With respect to MBC and metabolic variables, termination methods and specifically
glyphosate had a rather neutral effect, with little sensitivity to water level. In a meta-
analysis, Nguyen et al. [89] also found little effect of glyphosate on MBC and basal respira-
tion at the commercial field dose. In contrast, in a greenhouse trial with glyphosate-resistant
soybean varieties, Alan et al. [90] reported adverse changes in MBC and metabolic parame-
ters such as basal respiration, qCO2 and qMIC resulting from glyphosate use, which were
amplified under water deficit conditions. Apart from water level, other studies reported a
short-term increase in soil respiration and SIR [74,80,89] that is explained by both the use
of glyphosate as a C-source and the increased availability of readily available C after plant
death. In our study, GLY showed a trend towards higher SIR values than INC, which was
not statistically significant. It is more in line with Dennis et al. [30], who reported limited
effects of glyphosate at the metabolic level.

4.3. Physicochemical Soil Properties and Microbial Attributes as Affected by CC
Termination Methods

The physicochemical properties explained the soil microbial response to a limited
extent (almost 18%), and did so mainly due to the treatments themselves as they shared
around 14% of variability. This may be due to the weak effect that the termination methods
had on soil properties (Table 3), possibly because it was a short-term experiment. We
attribute the lower EC values in ROL (which suggest a lower nutrient content) to its lower
killing effectiveness [38], which may: (i) reduce nutrient inputs from root decomposition,
and (ii) lead to higher nutrient extraction by the higher CC regrowth (data not shown). The
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last would explain the relatively low soil moisture in ROL, whereas RGL, more effective
for killing due to glyphosate and at the same time generating a protective mulch, had the
highest soil moisture at high water level. Soil disturbance and the absence of mulch would
explain the lower soil moisture in INC [72]. Due to the inverse relationship between PR
and soil moisture found in the original soil [45], RGL and GLY with higher soil moisture,
showed the lowest resistance to penetration, whereas INC with lower moisture showed
the highest.

In general, a high water level tended to increase the differences between termination
methods relative to soil properties (soil moisture, N/P; and to a lesser extent pH, EC, DOC
and DOC/TOC) (Table 1). In contrast to Romdhane et al. [18], with significant field spatial
variability and high explanatory capacity of soil properties, the low variability explained
by soil variables excluding the termination effect (3%) is consistent with a microcosm
experiment where the soil was homogenized. The fact that pH showed correlations with
a number of microbial variables (Table S5), and was the only significant variable in the
final RDA analysis, confirms the importance of pH as a driver of microbial populations,
especially for bacteria [91]. The different inputs and rates of residue decomposition (shoot
and root), as well as glyphosate and its effect on nutrient availability, may explain the
relative importance of variables such as EC, DOC, and DOC/TOC, which also showed
remarkable correlations with the microbial variables (Table S5).

4.4. Legacy Effects of CC Termination Methods over Time

Once the CCs were terminated and as the maize grew, the microbial populations were
progressively shaped by maize exudates [63], so that the differences due to the different
termination methods were reduced (Table S2). With the progressive decomposition of
dead roots over time, labile C sources were released. This stimulated the growth of
different groups of organisms, especially bacteria and archaea which are more dependent
on substrate location within the soil [26], whereas fungi populations tended to be stabilized
or decreased. INC was the method least affected by the passing of time, with a sustained
positive effect for up to 3 months due to the decomposition of both roots and shoots within
the soil. By contrast, fungi were growing in ROL, as bacteria slowed down due to reducing
substrate availability, as explained above. Several studies indicate transitory glyphosate
effects on soil microbial variables [89,92]. In our study, we found an adverse effect on
bacteria two weeks after glyphosate application, in agreement with Zobiole et al. [93].
However, this vanished and changed to a neutral or even positive effect three months
later, as explained above. The rapid evolution of the response over time may be due to
changes in exudates [39] and biodegradation of glyphosate [43], and is also affected by
water availability. These complex interactions between glyphosate, soil moisture, plant,
soil type, and the passing of time may explain the disparity of glyphosate effects on soil
microbiota found in the literature.

5. Conclusions

Most soil microbial variables measured in the subsequent maize were affected by the
CC termination method and its interaction with the water level. From the formulated
hypotheses, it was confirmed that a high water level amplified the differences between
treatments. Overall, mowing and incorporation of CC residues was the most beneficial
method for the studied microbial attributes, enhancing mycorrhizal variables and abun-
dances of total bacterial, fungi and archaea, with less affectation by water level and the
passing of time. Termination by rolling crimper was the second best method, mainly
when well-watered. This was also associated with a higher fungal abundance, F/B, and
MBC. Fungal stimulation was similar in both INC and ROL, whereas bacterial abundance
dropped under ROL, but INC did not specifically boost bacteria and ROL fungi, as was
hypothesized. Both glyphosate application methods (GLY and RGL) showed a similar soil
microbial response regardless of the irrigation rate, but was greatly influenced by it, with
notable changes between maize preemergence and ~3 months later. Only under a low



Agronomy 2022, 12, 3002 16 of 20

water level did RGL resemble both GLY and ROL, so our third hypothesis was not fully
met. Changes in glyphosate effectiveness as herbicide, exudates, and biodegradation may
explain the complexity of the microbial response under chemical termination. The adverse
legacy effects of glyphosate found after three months on fungi and archaea under certain
water conditions should be further studied. The way in which CC are terminated, and its
interaction with water availability may cancel out the expected benefits of CC on certain
microbial attributes. Further research under different environments and field conditions is
needed to better understand the mechanisms involved and to improve recommendations
for more sustainable agriculture.

6. Patents

Mini-roller crimper https://www.upm.es/recursosidi/offers-resources/patentes/
rodillo-agricola-desgarrador/ (publication number: ES1290154U).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123002/s1. Table S1: Set of primers selected from
previous studies for the quantification of the major groups of microorganisms in the soil [94–96];
Table S2: Soil microbial variables at maize pre-emergence and 57 days after sowing maize; Table S3:
AMF colonization, microbial biomass and variables of microbial activity at 57 days after sowing
maize; Table S4: Soil physicochemical variables at 57 days after sowing maize; Table S5: Pearson
correlation matrix of soil physicochemical and soil microbial variables; Figure S1: Redundancy
Analysis (RDA) results for soil microbial variables, soil properties and ten combined treatments of
termination methods and water levels. Refs. [94–96] are cited in the Supplementary Materials file.
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