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The incorporation of cover crops into cropping systems is important for

enhancing soil health in agricultural systems. Soil microbes contribute to

soil health by supplying key nutrients and providing protection against plant

pests, diseases, and abiotic stress. While research has demonstrated the

connection between cover crops and the soil microbiology, less is known

regarding the impact of cover crops on the soil microbial community in

semi-arid regions of the Northern Great Plains. Our objectives were to

evaluate changes in the soil bacterial community composition and community

networks in wheat grown after multi-species cover crops. Cover crops

were compared to continuous cropping and crop/fallow systems and the

e�ects of cover crop termination methods were also evaluated. Cover

crops consisted of a cool season multispecies mix, mid-season multispecies

mix, and a warm season multispecies mix, which were grown in rotation

with winter wheat. A continuous cropping (wheat/barley) and wheat/fallow

system were also included along with cover crop termination by grazing,

herbicide application, and haying. Cover crop treatments and termination

methods had no significant impact on microbial community alpha diversity.

Cover crop termination methods also had no significant impact on microbial

community beta diversity. Families belonging to the phyla Actinobacteria,

Bacterioidota, and Proteobacteria were more abundant in the cool season

cover crop treatment compared to the warm season cover crop treatment.

Co-occurrence network analysis indicated that incorporation of cool season

cover crops or mid-season mixes in a wheat-based cropping system led

to greater complexity and connectivity within these microbial networks

compared to the other treatments which suggests these communities may be

more resilient to environmental disturbances.
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Introduction

The primary dryland grain production system in the

Northern Great Plains, USA, is a cereal-fallow system where

wheat is grown every other year and the land is left fallow

alternating years (Zentner et al., 1991; Sigler et al., 2018;

Bourgault et al., 2021). This has become economically untenable

and has produced unintended ecological consequences

including erosion, persistent weed problems, and loss of

biodiversity in the soil (Lupwayi et al., 1998). Incorporating

cover crops can mitigate these negative effects and increase

the sustainability of agricultural systems (Strickland et al.,

2019). Cover crops are used to reduce erosion and provide

supplemental forage (Munawar et al., 1990; Unger and Vigil,

1998; Daryanto et al., 2018; Florence et al., 2019). Cover crops

are also used to increase plant diversity which can reduce

weed pressure through shading the soil surface and inhibiting

weed growth (Florence et al., 2019). Cover crops can also

assist to decrease plant pathogen pressure (Peralta et al., 2018).

Additional benefits include improved soil physical quality,

increased organic matter, soil nutrients, and microbial biomass

(McDaniel et al., 2014; Adetunji et al., 2020; Haruna et al., 2020).

Microorganisms are essential for ecosystem function and

can increase nutrient availability, enhance seedling vigor,

improve plant resiliency and productivity, improve soil

structure, and aid in pathogen suppression (Balser et al., 2006;

Bardgett and van der Putten, 2014; Bonanomi et al., 2016;

Banerjee et al., 2019). Studies have evaluated the impact of

cover crops on soil microorganisms in different ecoregions

and cropping systems, but results have been contradictory

(Biederbeck et al., 2005; Calderón et al., 2016; Daryanto et al.,

2018). Results from research in the Central Great Plains, USA,

showed that cover crops increased microbial biomass compared

to fallow but by the next season this change was no longer

observed (Calderón et al., 2016). This suggests that benefits to

the microbial community associated with cover crops might be

short-lived. A meta-analysis of 60 studies assessed the benefit

of cover crops to the soil microbiome and found a significant

increase in microbial abundance, diversity, and activity when

cover crop were used but factors such as termination method,

climate, soil taxonomy, and tillage effected the response (Kim

et al., 2020). This suggests that the effect of plant species on

the microbial community is context-specific and factors such
as cropping system, moisture, temperature, and soil physical

and chemical parameters must also be considered (Millard and
Singh, 2009).

While cover crops have demonstrated benefits in some
regions, there are still questions regarding their applicability

in semi-arid regions due to concerns of water usage (Bodner

et al., 2007) and potential yield reductions (Rosner et al., 2018;

Euteneuer et al., 2022) in the cash crop grown the following

year (Calderón et al., 2016; Bourgault et al., 2021; Thapa et al.,

2021). Information is lacking on the soil health benefits of

individual cover crop species and mixes grown in the semi-

arid Northern Great Plains and little is known regarding the

performance of diverse cover crop mixes in this region. There

is also little information available regarding the best practices

for cover crop termination. While data are available regarding

the agronomic effects of termination timing (Ghimire et al.,

2018), less is known about the impact of different termination

methods on the soil microbial community. Knowledge gaps exist

regarding the effect of cover crops on subsequent wheat yields

and the suitability of cover crop mixtures for livestock forage in

the dryland wheat growing regions of northern Montana. This

has caused reluctance among producers in this region to adopt

cover crops as part of their management strategy (Bourgault

et al., 2021).

Previously we found that in dryland wheat based cropping

systems, cover crops significantly reduced wheat yields

compared to fallow but yield differences were not significant

between cool, mid, and warm season cover crops (Bourgault

et al., 2021). The objectives of this study were to evaluate

bacterial community composition and community networks

response to cover crop mixes compared to conventional

fallow or continuous monoculture cropping practices in the

wheat phase of the rotation to determine if cover crop effects

persist in the subsequent cash crop. Specifically, we tested the

impacts of a winter wheat—cover crop rotation with cover

crop mixtures varying in diversity and planting date (early,

mid, and warm-season mixtures). Another objective was to

evaluate the impact of cover crop termination methods on

soil microbial community composition in dryland cropping

systems in the Northern Great Plains. We hypothesized that

(1) microbial communities in wheat grown after cover crops

would have greater alpha and beta diversity compared to fallow

and (2) cover crops would contribute to greater microbial

network complexity.

Materials and methods

Study site description

This study was part of a larger long-term study evaluating

cover crops in a semi-arid region of the Northern Great

Plains (Bourgault et al., 2021; Wyffels et al., 2021; DuPre

et al., 2022). The study was established in April, 2012 on two

adjacent fields at the Northern Agricultural Research Center of

Montana State University, Havre, MT, USA, located 48.49689 N,

109.8029 W and 800m above sea level. Average annual low

and high temperatures at the study location were 0◦C and

13.4◦C, respectively, with an average annual precipitation of

305 mm1. The soil underlying the study area is a mix of Joplin

and Telstad clay loam (Fine-loamy, mixed, superactive, frigid

1 https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?mt3996
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FIGURE 1

Study design showing randomized treatments (colored bars) and cover crop termination treatments (gray strips). Cover crops and wheat were

rotated each year between field 1 and 2. Plot dimensions were 7.3m x 40.2m with a 3.6m wide bu�er strip between each plot. Plots are not

drawn to scale.

Aridic Argiustolls)2. Additional soil parameters are presented in

Supplementary Table S1. The soils are relatively deep (>150 cm)

with water holding capacities of over 18 centimeters (USDA,

1999). Monthly maximum and minimum temperatures and

precipitation, as well as long-term averages (1916-2018) are

presented in Supplementary Table S2.

Experimental design

The experiment was designed to evaluate a wheat cover crop

rotation with different cover crop mixtures in rotation with

winter and spring wheat (Triticum aestivum L.), and terminated

with herbicides, grazing, or haying. The experiment was

established as two adjacent replicated trials, one for each phase

of the rotation, and designed as a restricted-randomization

strip-plot with three replicates with termination treatments

assigned perpendicular to the fallow and cover crop treatments

(Figure 1). This study was conducted in the winter wheat phase

of the rotation during the 5th year of the trial. Additional

details of the field trials, including experimental design, crop

management, treatments, and field sampling procedures, are

described in Bourgault et al. (2021), Wyffels et al. (2021), and

DuPre et al. (2022). Planting was done with a ConservaPak hoe-

type air seeder with 30 cm row spacing at a depth of 2.54 cm

2 http://websoilsurvey.sc.egov.usda.gov/

for both cover crops and wheat crops. Plots were fertilized with

112Kg ha−1 of 20:20:20 (N:P:K) at planting. Fields used in this

study weremanaged using no-till practices. Treatments included

3 cover crop mixes, barley, and fallow (Table 1). Barley was

included since, after wheat, it is the second most common grain

crop in this region (USDA, 2020) and fallow was also included

as a treatment since it is still a common producer practice in

the region. The cover crops were broadly divided into three

groups: cool season crops, warm season crops, and a mixture

of cool- and warm season crops. These divisions are based on

timing of planting (Bourgault et al., 2021; DuPre et al., 2021).

Cool season cover crops were planted 23 April 2016, mid season

on 5 May 2016, and warm season on 19 May 2016, which was

∼3.5 weeks later than the cool season cover crop mix. Plots were

terminated by haying between 23 June and 1 July. Chemical

termination (glyphosate, applied at 2,500 g ai per hectare) was

applied on 23 June and grazing was performed beginning 23 July.

An additional application of herbicide (2,000 g of ai glyphosate

per hectare plus 340 g of ai dicamba per hectare) was applied to

terminate any regrowth of cover crops and weeds in the grazed

and hayed termination treatments ∼4 weeks after the initial

termination and prior to planting the subsequent wheat crop.

Winter wheat was planted on 1 October 2016.

Bulk soil samples (0–30 cm) were collected from the wheat

phase of the study for microbial analysis on 1 August 2017.

Five 10 cm depth x 3.54 cm diameter soil cores were collected

at random from each plot and homogenized to make one
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TABLE 1 List of species in each of treatments evaluated in the cover

crop trial. Seeding rates (seeds m−2) are shown in parentheses behind

each species.

Cover crop mixture Species included

Cool season mixture

1 Turnip (69), radish (17), pea (48), vetch (50), oat

(43)

Warm season mixture

6 Turnip (69), radish (17), chickpea (24), sorghum x

sudangrass (25), soybean (10)

Mid-season mixture

11 Turnip (69), radish (17), lentil (21), pea (14), oat

(45), sorghum x sudangrass (14), soybean (5)

Barley

Fallow

composite sample per plot. Samples were placed in coolers on

ice in the field then transported to the lab and stored at −80◦C

until extraction.

Sample handling and sequencing

For each plot, DNA was extracted from a 250mg soil

subsample using the Qiagen DNeasy PowerSoil DNA Isolation

Kit (Qiagen Inc., Germantown, MD, USA). Variable region

4 of the 16S rRNA gene was amplified in triplicate from

each DNA extract by PCR using the Platinum HotStart PCR

Kit (ThermoFisher Scientific, Waltham, MA) with 10 µl PCR

Mastermix, 13 µl molecular-grade water, 0.5 µl each of forward

and reverse primers reconstituted at 10mM concentration, and

1 µl sample DNA. PCR primers were as previously described

for 515F and 806R (Caporaso et al., 2011) with Illumina’s

5’ and 3’ adapters, respectively and Golay barcode, primer

pads and linkers as described by Caporaso et al. (2012). A

unique barcode was assigned to each sample plot. PCR reactions

comprised an initial 94◦C denaturation for 3min, followed by

35 cycles of denaturation at 94◦C for 45 s, annealing at 50◦C for

60 s, elongation at 72◦C for 90 s. Amplicons were pooled and

purified by agarose gel electrophoresis and then sequenced on

an Illumina MiSeq platform (Illumina, San Diego, CA, USA)

using an Illumina MiSeq 500 cycle v2 kit. Demultiplexing and

trimming of barcodes and adaptors was performed in Illumina

MiSeq Reporter software (version 2.5.1) prior to analysis.

Bioinformatics

Sequence reads were processed using the QIIME2

bioinformatics pipeline (Bolyen et al., 2019). After quality

filtering, three samples with low total reads (<5000 sequences)

were removed. Quality-filtered paired end reads were assembled

into error-corrected amplicon sequence variants (ASVs) using

DADA2 (Callahan et al., 2016). Taxonomic assignment was

performed using a naive Bayes classifier pre-trained on the Silva

132, database (Quast et al., 2013) with a 97% identity threshold.

Alpha (Chao1 and Shannon diversity) analysis was performed

using the q2-diversity plugin. Linear regression with a mixed

effect model was used to explore the relationships between

treatments and alpha diversity using the R package lme4 (Bates

et al., 2015). Cover crop treatment, termination method, and

interactions among them were included as fixed effects with

replication as a random effect in the mixed effects model.

Tukey’s post-hoc comparison was used to evaluate differences in

means between treatments.

Differences in community composition based on cover crop

treatment and termination were visualized using unconstrained

principal coordinate analysis (PCoA) of the weighted unifrac

distances. The betadisper function from the vegan R package

(Oksanen et al., 2018) was used to assess the assumption of

homogenous dispersion for performing a permutational analysis

of variance (PERMANOVA), which was met. Permutational

multivariate analysis of variance (Permanova) was performed

on the weighted unifrac distance matrices using the adonis2

function with 999 permutations from the R package vegan to test

differences in overall community composition between cover

crops treatments. Data were stratified by replication to account

for repeated measures. Post-hoc contrasts between significant

factors were examined using pairwise.adonis2 (Martinez Arbizu,

2020).

Files generated in QIIME2 were imported into R using

the package Qiime2R (Bisanz, 2018) for additional analysis.

Data were filtered to remove taxa occurring fewer than five

times or in less in 20% of the samples. Differential abundance

testing was also performed. Taxa significantly different between

cover crop treatments were identified using the generalized

linear models implemented in the R package DESeq2 (Love

et al., 2014). DESeq2 was performed on unrarified sample

libraries to determine differential abundance of taxa among

treatments (Weiss et al., 2017). The model included replicates

and cover crop treatments and the contrast argument of the

results function was used to extract comparisons of interest after

fitting the model. Differential ASVs were visualized for each

cover crop treatment by Bland-Altman plots which show the

mean change in abundance (M) vs. average counts (A) (MA

plots) (Altman and Bland, 1983). MA plots were constructed

using ggpubR (Kassambara, 2020) and plotted with a log2 fold

change threshold of 2. Indicator species analysis (ISA), which

is a method for identifying taxa associated with a specific

environment (Bakker, 2008), was conducted using the multipatt

function from the R package indicspecies (De Cáceres et al.,

2010) to identify ASVs associated with specific cover crops. ISA

was performed with 104 permutations and associations were

considered significant at p < 0.05 (Bonferroni corrected).
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Co-occurrence networks

Network analysis was performed using the SpiecEasi R

package (Kurtz et al., 2015) to identify microbial co-occurrence

patterns across the cover crop treatments. The Meinshausen

and Bühlmann (MB) neighborhood selection framework was

used with pulsar.params set to 999 replications. The nodes of

the resulting network represent ASVs while edges represent

correlations between pairs of ASVs. The output was transformed

with the adj2igraph script to transform the matrix into an

igraph object and the resulting network files were visualized

in Cytoscape v3.8 using the NetworkAnalyzer tool to calculate

network topology parameters (Lotia et al., 2013). Network

topological parameters can be used as biological indicators of

microbial community resilience to environmental disturbances

and can be used to identify important taxa within microbial

communities and the degree of connectedness within these

communities (Williams et al., 2014; Price et al., 2020). The

number of nodes indicates the number of co-occurrence

relationships in each treatment while edges indicate significant

(p < 0.05) correlations between taxa. Edge betweenness

centrality, which is used to describe the number of shortest paths

that go through an edge in a network (Girvan and Newman,

2002), was represented by edge thickness. The clustering

coefficients indicated the probability that the adjacent nodes

of any given node are connected (Ma et al., 2016), while the

closeness centrality represents the average distance of a given

node to any other node and indicates the central importance of

the node (Berry and Widder, 2014; Banerjee et al., 2019).

Results

Microbial community analysis

A total of 8.2 x 106 sequences were obtained. Following

quality filtering and feature table construction with DADA2,

three low quality samples (<5,000 reads) were removed from

the data set. The number of sequences per sample in the

remaining data set ranged from 129,059 to 298,372 with a

median of 152,114. A total of 28,773 amplicon sequence variants

(ASVs) were identified across all samples. The average relative

abundance of six most abundant phyla across all cover crop

treatments were Acidobacteria (25.0%), Proteobacteria (24.9%),

Bacteroidetes (14.6%), Verrucomicrobia (8.1%), Actinobacteria

(7.7%), and Nitrospirae (3.2%).

Alpha diversity, a measure of community richness, was

not significantly different between any of the cover crop

treatments or termination methods when compared by

Chao1 richness index or Shannon’s diversity index (p >

0.05) (Figure 2). Unconstrained principal coordinate analysis

(PCoA) of the weighted unifrac distances showed little

separation between cover crop treatments or termination

methods (Supplementary Figure S1). No statistically significant

differences in beta diversity, as measured by weighted unifrac

distances, were found between cover crop termination methods

(Table 2). Permanova pair-wise comparison of cover crop

treatments showed significant differences (p = 0.0462). Pair-

wise contrasts showed significant differences between the

cool and warm season cover crop Treatments (p < 0.05, FDR

corrected) (Table 3).

Differential ASVs were visualized for each cover crop

treatment by Bland-Altman plots which show the mean change

in abundance (M) vs. average counts (A) (MA plots) of

the DESeq analysis (Supplementary Figure S2). Differentially

abundant ASVs were identified at the phylum and family

taxonomic ranks for each cover crop treatment combination

(Supplementary Table S4) and were visualized at the phylum

and family level for each treatment (Figure 3). A total of 23

ASVs were differentially abundant between cool and warm

season treatments while 11 ASVs were differentially abundant

between warm season cover crops and barley (Figure 3;

Supplementary Tables S4, S5). The remaining treatments had

3 or fewer ASVs that were differentially abundant. Families

belonging to the phyla Actinobacteria, Bacterioidota, and

Proteobacteria had the greatest log2 fold change in abundance

in the cool season cover crop treatment compared to the warm

season cover crop treatment (Figure 3; Supplementary Table S4).

In contrast, the phyla with the greatest log2 fold change

in abundance in the warm season cover crop and barley

comparison were all Actinobacteriota except for one undefined

family belonging to the phylum Proteobacteria (Figure 3;

Supplementary Table S5).

Indicator species analysis (ISA), which can be used as

ecological indicators of community types (De Cáceres et al.,

2010), identified 4 significant (p < 0.05) ASVs associated with

cool season cover crops and 9 significant (p < 0.05) ASVs

associated with warm season cover crops (Table 4). Significant

indicator species in the cool season cover crops was from the

family Cytophagaceae and represented 0.5% relative abundance

(Table 4). ISA analysis identified a significant indicator species

from the phylum Gemmatimonadetes which represented 0.06%

relative abundance (Table 4). Relative abundance of these

putative indicator taxa was not significantly different between

treatment (Data not shown). In contrast to the cool and warm

season cover crop mixes, there were no indicator species unique

to the mid-season cover crop mix, barley, or fallow.

Co-occurrence networks

Co-occurrence networks were generated for each cover

crop mix, and barley and fallow controls (Figure 4). From

these co-occurrence networks, network topological parameters

were calculated (Table 5). Nodes were colored by phylum and

abundance of connected taxa was represented by node diameter.
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FIGURE 2

Chao1 and Shannon diversity indices for cover crop treatments. Mean values shown are averages across all termination methods since no

significant di�erences were observed between termination methods. Di�erences in alpha diversity were also not significant between cover crop

treatments.

TABLE 2 Pair-wise permutational analysis of variance (PERMANOVA) for multivariate (β-diversity) group significance for each cover crop

termination method.

Group 1 Group 2 Sample size pseudo-F p-value q-value

Chem Graze 27 1.172 0.189 0.282

Chem Mow 25 1.047 0.282 0.282

Graze Mow 22 1.249 0.087 0.261

TABLE 3 Pair-wise permutational analysis of variance (PERMANOVA) for multivariate (β-diversity) group significance for cover crop treatments.

Group 1 Group 2 Sample size pseudo-F p-value q-value

Barley Cool 16 0.672 0.844 0.844

Barley Cool/Warm 16 0.639 0.756 0.840

Barley Fallow 16 0.958 0.585 0.814

Barley Warm 16 1.356 0.029 0.145

Cool Cool/Warm 16 0.751 0.635 0.814

Cool Fallow 16 0.963 0.566 0.814

Cool Warm 16 1.573 0.002 0.020

Cool/Warm Fallow 16 0.928 0.651 0.814

Warm Cool/Warm 16 1.0967 0.214 0.535

Warm Fallow 16 1.277 0.057 0.190

Bolded values indicate significant differences at p < 0.05 (FDR corrected).
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FIGURE 3

Plot of di�erentially abundant taxa. Cover crop treatment comparisons are shown above each plot. Significantly di�erent (p < 0.05, FDR

corrected) taxa are colored by phylum while the taxonomic rank at the family level is shown on the x-axis.

Edge betweenness centrality was represented by edge thickness.

The number of nodes and edges were greatest for the cool and

mid-season cover crop mixes with cool season having 68.7%

more edges and mid-season having over twice as many edges as

fallow even though the number of nodes was similar (Table 5).

Barley and fallow both had nodes that were not connected

to the network (Figure 4). Average connectivity and clustering

coefficients were also higher for the cool and mid-season cover

crop mixes. Cool and mid-season cover crop mixes had the

greatest number of edges with high betweenness centrality scores

(Figures 4A,C).

Discussion

Significant differences in alpha diversity between fallow

and different cover crop treatments were not observed,

which is consistent with other reports. Castle et al. (2021)

found that alpha diversity was not affected by cover crop

treatments consisting of winter rye or pennycress, although

specific bacterial taxa showed differential abundance in cropping

systems containing penny cress cover crops. Permanova pair-

wise comparison of cover crop treatments showed a significant

difference in community composition only between cool and
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TABLE 4 Indicator species analysis (ISA) based on taxonomic assignment with the Silva 132 database.

Phylum Class Order Family Relative abundance Bonferroni Adj. p-value

Cool Season Mix

Bacteroidetes Cytophagia Cytophagales Cytophagaceae 0.0455 0.011

Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae 0.0101 0.077

Planctomycetes Planctomycetia Planctomycetales Planctomycetaceae 0.0025 0.162

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae 0.0080 0.077

Warm Season Mix

Gemmatimonadetes Gemmatimonadetes NA NA 0.0064 0.042

Acidobacteria BPC102 NA NA 0.0008 0.064

Proteobacteria Betaproteobacteria NA NA 0.0102 0.113

Nitrospirae Nitrospira Nitrospirales 0319-6A21 0.0110 0.135

Nitrospirae Nitrospira Nitrospirales Nitrospiraceae 0.0230 0.180

Nitrospirae Nitrospira Nitrospirales Nitrospiraceae 0.0230 0.266

Firmicutes Bacilli Bacillales NA 0.0004 0.149

Acidobacteria PAUC37f NA NA 0.0014 0.351

Acidobacteria Acidobacteria-6 iii1-15 NA 0.0834 0.377

Indicator taxa with significant associations with treatments were only identified for the cool and warm season cover crop mixes while the remaining treatments had no uniquely

associated taxa.

NA indicates taxonomic assignments could not be made for a taxon at an order or family rank.

warm season cover crop Treatments (Table 3). In contrast, we

previously found that under the cover crop phase of the wheat—

cover crop rotation, cover crops had significant differences in

four of the eight most abundant phyla when compared to fallow

(Ouverson et al., 2022). This suggests that cover crops may

have transient effects on the structure of the soil microbial

community and these effects may no longer be apparent under

the subsequent cash crop.

Differentially abundant taxa were observed between the

cover crop treatments. Differences between cover crop mixes

were primarily among taxa that had low relative abundance

(<0.1% at a family level) or were poorly characterized. This

is consistent with other studies which have found small but

significant differences among rarer taxa in semi-arid cropping

systems in the Northern Great Plains (Ishaq et al., 2020;

Ouverson et al., 2021). Because these low abundance taxa are

poorly characterized, it is difficult to link bacterial community

response to specific cover crop characteristics. More work is

needed to functionally characterize rare community members.

Indicator species analysis (ISA) provided further evidence

of limited community differences between treatments. Indicator

species are species that are used as ecological indicators of

specific habitats or community types (De Cáceres et al., 2010).

This concept has been broadly applied in ecology (Bakker,

2008) but more recently been used to identify taxa within

microbial communities that are indicative of specific ecological

conditions (Sun et al., 2018; Brisson et al., 2019). Only a

single indicator species was identified in cool and warm season

cover crop treatments (Table 4) which suggests few differences

between multispecies cover crop mixes. These results suggest

that in general, the composition of soil bacterial communities

is minimally altered due to the introduction of cover crop

mixes in dryland wheat-based cropping systems of the Northern

Great Plains.

Microorganisms do not function in isolation but form

complex network associations. Network analysis has been

applied to human social networks, computer networks, food

webs, and ecosystems (Krause et al., 2003; Barberan et al.,

2012; Williams et al., 2014). Network robustness is defined

as the resilience of a network to perturbation, and more

specifically in biological systems, as the ability of a community

to tolerate species loss or environmental disturbances (Chan

and Akoglu, 2016; Evans et al., 2016; Price et al., 2020).

Studies have shown that ecological networks have similar

patterns of robustness as other complex networks (Gilbert, 2009;

Pocock et al., 2012). More recently these concepts have been

extended to microbial communities to develop a framework for

characterizing interactions between microorganisms in complex

communities (Bissett et al., 2013; Berry and Widder, 2014).

Recent studies have demonstrated that microbial communities

with lower network complexity may be more vulnerable to

environmental stress (Ludwig et al., 2018; Banerjee et al.,

2019). Network complexity and associated robustness can be

inherent to the system such as the rhizosphere which contains

a more robust network than bulk soil (Fan et al., 2018).

Network robustness can also be influenced by agricultural

practices. It has also been demonstrated that agronomic

practices, such as increased tillage, fertilizer, and pesticide use,
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FIGURE 4

Co-occurrence networks of bacterial communities across five cover crop treatments and controls. (A) Cool Season, (B) Warm Season, (C)

Cool/Warm Season mix, (D) Barley, and (E) Fallow. Co-occurrence networks indicate bacterial taxa that frequently occur together in a particular

treatment or environment. Network nodes are colored by phylum and node size represents the number of connected taxa. Taxa with many

correlations are in the most densely connected areas of the network. Edges (lines connecting nodes) represent significant (p < 0.05) positive

correlations between taxa. thickness is proportional to the correlations between pairwise nodes.

can reduce microbial network complexity and result in the

loss of keystone species and network complexity (Banerjee

et al., 2019; Zhang et al., 2021). Cover crops in particular,

have been linked to increased functional redundancy and

complementarity with bacterial communities (Alahmad et al.,

2018) which can further increase the resilience of these

systems to stressors such as drought, nutrient limitation,

and disease. Similarly, the results of our work showed

greater community complexity than monoculture (barley)

or fallow.
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TABLE 5 Topological parameters of the bacterial co-occurrence networks for each treatment.

Network parameters Cool Warm Cool/Warm Barley Fallow

Number of nodes 201 187 217 182 173

Number of edges 373 237 447 224 221

Closeness centrality 4.00 2.96 4.46 2.78 2.94

Clustering coefficient 0.045 0.021 0.049 0.029 0.022

The number of nodes indicates the number of co-occurrence relationships in each treatment while edges indicate significant (p < 0.05) correlations between taxa.

The clustering coefficient indicates the probability that the adjacent nodes to any given node are connected.

A larger clustering coefficient indicates greater connectedness among nodes in a particular region of a network, while closeness centrality represents the average distance of a given node

to any other node with greater closeness centrality indicating greater importance of the node.

Understanding the complexity of microbial networks is

important for determining how resilient the community is to

perturbations (Bissett et al., 2013). The results of this work

indicated that the cool season cover crop and mid-season mix

had more robust networks compared to the other treatments

(Table 5). Specifically, average connectivity and clustering

coefficients were also higher for the cool and mid-season cover

crop mixes. Cool and mid-season cover crop mixes had the

greatest number of edges with high betweenness centrality scores

(Figures 4A,C). An edge with a high betweenness centrality

score suggests the edge is an important connection between

two parts of a network and implies greater redundancy in the

community (Radicchi et al., 2004; Lu and Zhang, 2013). The

fact that sampling occurred during the winter wheat phase of

the rotation suggests that the benefit of cover crops to greater

network robustness persists andmay benefit the subsequent cash

crop. Collectively these results suggest that cool season and mid-

seasonmixes contributed to greater complexity and connectivity

within the microbial networks associated with these cover crops

compared to fallow.

Surprisingly, the warm season mix had similar network

characteristics to the barley and fallow controls even though the

species diversity was similar to the mid-season cover crop mix

(Table 1). In the Northern Great Plains, precipitation is erratic

and extended dry periods are common (Carr et al., 2020). This

has made warm season crops challenging to grow in this region

as the late planting dates result in lower biomass since crops

cannot take advantage of spring moisture.

Consistent with previous findings (Banerjee et al., 2019;

Gao et al., 2022), our work suggests that the number of

taxa within a community is less important in determining

network complexity than the number of associations among

taxa with more associations leading to greater resilience in the

community. Our work suggests that incorporating cover crops

in a cropping system can in some cases increase the network

complexity which should in theorymake the systemmore robust

to environmental perturbations, however more work is needed

to empirically determine the biological relevance of network

components (Faust and Raes, 2012). Additional work is also

needed to empirically establish links among microbial taxa and

community functional response to disturbance (Allison and

Martiny, 2008).

Cover crop termination method also did not significantly

alter the microbial community composition. In contrast, a

meta-analysis found small but significant differences in the

microbial community abundance and diversity associated with

cover crop termination method and concluded this was

a significant moderator of cover crop effects on the soil

microbiome (Kim et al., 2020). However, this study was

limited to comparing chemical and mechanical termination

methods where mechanical termination included undercutting

or mulching (Kim et al., 2020). Soil disturbance from

undercutting could contribute to some of the differences

in community composition that were observed given the

significant impact tillage has on the soil microbiome (Legrand

et al., 2018; Ouverson et al., 2021). Another study found that

cover crop termination methods (frost, rolling, and glyphosate)

resulted in significant changes inmicrobial community structure

while cover crop mixtures had a minor but significant effect

(Romdhane et al., 2019). The difference in termination results

may be explained in part by termination timing. In our study,

all termination methods were initiated at the same time while

Rhomdhane et al., performed the glyphosate termination several

months after the other termination treatments (Romdhane et al.,

2019).

Warm season crops are not grown extensively in this region

of the Northern Great Plains (Carr et al., 2020) due in part

to the low temperatures and short growing season. Given the

predicted increase in temperatures and expected longer growing

season, warm season crops, particularly forages are becoming a

viable option (Meccage et al., 2019). While results of this study

suggest some potential benefits for the soil bacterial community,

more work is needed to disentangle the interaction between crop

species, planting date, and climatic factors.

Conclusions

Our work showed that in the semi-arid regions of the

Northern Great Plains, incorporating multispecies cover crop
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mixes into a winter wheat cropping system did not lead

to a significant difference in the soil bacterial community

abundance in the wheat crop the following year. Small but

significant differences were observed in some taxa, but in general

differences in community composition between treatment were

minimal. Significant differences were observed in the microbial

network complexity which suggests that some cover crop

mixes may lead to a more robust and resilient microbial

community compared to fallow and this benefit may persist to

the subsequent cash crop.
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