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ABSTRACT Land conversion for intensive agriculture produces unfavorable changes to
soil ecosystems, causing global concern. Soil bacterial communities mediate essential terres-
trial ecosystem processes, making it imperative to understand their responses to agricultural
perturbations. Here, we used high-throughput sequencing coupled with a functional gene
array to study temporal dynamics of soil bacterial communities over 1 year under different
disturbance intensities across a U.S. Southern Plains agroecosystem, including tallgrass prai-
rie, Old World bluestem pasture, no-tillage (NT) canola, and conventional tillage (CT) wheat.
Land use had the greatest impact on bacterial taxonomic diversity, whereas sampling time
and its interaction with land use were central to functional diversity differences. The main
drivers of taxonomic diversity were tillage . sampling time . temperature, while all meas-
ured factors explained similar amounts of variations in functional diversity. Temporal differ-
ences had the strongest correlation with total nitrogen . rainfall . nitrate. Within land
uses, community variations for CT wheat were attributed to nitrogen levels, whereas soil or-
ganic matter and soil water content explained community variations for NT canola. In com-
parison, all measured factors contributed almost equally to variations in grassland bacterial
communities. Finally, functional diversity had a stronger relationship with taxonomic diver-
sity for CT wheat compared to phylogenetic diversity in the prairie. These findings reinforce
that tillage management has the greatest impact on bacterial community diversity, with
sampling time also critical. Hence, our study highlights the importance of the interaction
between temporal dynamics and land use in influencing soil microbiomes, providing sup-
port for reducing agricultural disturbance to conserve soil biodiversity.

IMPORTANCE Agricultural sustainability relies on healthy soils and microbial diversity.
Agricultural management alters soil conditions and further influences the temporal dy-
namics of soil microbial communities essential to ecosystem functions, including organic
matter dynamics, nutrient cycling, and plant nutrient availability. Yet, the responses to ag-
ricultural management are also dependent on soil type and climatic region, emphasizing
the importance of assessing sustainability at local scales. To evaluate the impact of agri-
cultural management practices, we examined bacterial communities across a manage-
ment disturbance gradient over 1 year in a U.S. Southern Plains agroecosystem and deter-
mined that intensive management disturbance and sampling time critically impacted
bacterial structural diversity, while their interactive effect influenced functional diversity
and other soil health indicators. Overall, this study provides insights into how reducing
soil disturbance can positively impact microbial community diversity and soil properties in
the U.S. Southern Plains.
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Rising human populations have resulted in the need for increased land conversion
to heavily managed environments for greater food production. Yet, land use

change represents one of the largest perturbations to soil ecosystems, significantly
impacting both aboveground and belowground communities (1, 2). Whole ecosystem
diversity is generally diminished when natural land is converted to agricultural sys-
tems, with lasting negative effects on soil health (3). In general, agricultural land use
type regulates microbial diversity, plant diversity, and soil physicochemical properties
(4–7). The effect of land use on microbial communities has become increasingly impor-
tant since microbes represent the bulk of biodiversity in terrestrial ecosystems, perform
essential ecosystem functions, and are fundamental to ecosystem stability (8–10).

While it has been established that changes in land use shift microbial community
structure and diversity, there has been a renewed focus on observing these commun-
ities under a gradient of disturbance intensities due to the quickly growing need for
sustainable agricultural practices. Different intensities of soil disturbance create unique
environments that support microbes with those specific environmental requirements
(11). Although terrestrial microbial studies over large spatial scales (6, 7, 12, 13) have
demonstrated which soil and environmental factors are important for shaping micro-
bial distribution patterns, they are unable to pinpoint the dynamics required to man-
age microbial communities at the local level. Agricultural management practices also
vary locally, with inputs such as tillage, pesticide and fertilizer use, crop rotation, and
residue incorporation directly altering soil microbial biomass (14, 15) and community
composition (2, 16). This is critical as there is no ideal community type (17), soil type, or
set of soil characteristics (18, 19) when trying to define a functional soil system. By
directing attention to gradients of disturbance in a range of land uses commonly
found in agroecosystems, local variation can be captured in soil and environmental
properties, management type, and plant diversity, which may give insight into the
complex dynamics shaping soil communities (11).

Patterns of variability between land use with increasing management disturbance
have been studied extensively at single time points, but much less is known about the
extent to which land use under a gradient of disturbance intensities interacts with tem-
poral dynamics in altering soil bacterial communities. As seasons transition, variations
occur in environmental factors such as solar radiation, temperature, and precipitation,
all of which can affect microbial community structure and functions (20–23). Several
studies investigating soil microbial community changes in relation to temporal variabil-
ity have observed community differences in a range of time scales, many of which are
associated with shifting environmental conditions (21, 22, 24). These variations in environ-
mental conditions and community structure are often related to land management prac-
tices (16, 23, 25) and temporal changes in plant growth and development (26, 27).
Specifically, plant growth alters rhizodeposition, promoting microbial activity (28) and
modifying community composition by enriching specific microorganisms (29). Expanding
on spatiotemporal studies that are specific to the local land use, plant community, and
soil conditions are critically needed.

Functional diversity of the soil microbial community is equally important as compo-
sitional diversity when examining overall ecosystem diversity. Typically, a high struc-
tural and functional microbial diversity is thought to be fundamental to soil health,
function, and sustainability by providing functional redundancy critical for ecosystem
stability in the presence of stress and disturbance (9, 30–32). The use of functional
gene arrays (FGAs) or GeoChip has provided a way to examine relationships between
microbial community structure and function by focusing on genes important to micro-
bial processes like biogeochemical cycling and stress responses (33–39). FGAs allow for
a thorough analysis of essential ecological questions, especially those concerned with
microbial community responses to disturbances (35, 40–44), including soil microbial
community responses to land use, land management, and temporal changes (45–47).
However, it remains unclear how the functional capabilities of soil microbial commun-
ities change under a gradient of disturbance intensities and seasons.
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To investigate the effect of land use with increasing management disturbance and sea-
son on the temporal dynamics of soil bacterial communities and its underlying mechanisms,
we conducted a 12-month field study in agroecosystem land uses with a gradient of dis-
turbance within the U.S. Southern Plains agroecosystem. The agricultural sites included two
perennial grasslands and two annual croplands: a native tallgrass prairie (TGP), Old World
bluestem (OWB) pasture, no-tillage (NT) canola (Brassica napus L.) field, and conventional till-
age (CT) winter wheat (Triticum aestivum L.) field. In this study, we focused on the following
questions. (i) Do land use with various types of management disturbance and season shape
soil properties? (ii) How do land use and seasonal temporal dynamics interact to influence
bacterial community diversity? (iii) What roles do soil and environmental properties play in
influencing bacterial community diversity between seasons and under increasing manage-
ment disturbance? We predicted that soil bacterial diversity would decrease with increasing
management disturbance, while seasonal differences would become more discernible with
increasing management disturbance. Our results revealed that land use drove differences in
taxonomic diversity, while sampling time and its interaction with land use influenced func-
tional gene diversity, and that the biotic and abiotic factors shaping bacterial community di-
versity also differed spatiotemporally with importance varying with management intensity.

RESULTS
Changes in soil and environmental variables across land use and management

gradient. Over the 1-year sampling period, all the measured soil properties were sig-
nificantly affected (P , 0.001) by land use (Fig. 1a). Only properties influenced by cli-
mate (soil water content [SWC]) and management practices (topsoil nitrate [TopN]) sig-
nificantly differed by season (P , 0.05). Notably, soil organic matter (OM) and soil total
nitrogen (TN) decreased as management disturbance increased. The OM differed by

FIG 1 Soil chemistry within each land use type across a 1-year sampling period. (a) Soil chemistry averages for each land use across 1 year.
(b) Factors that significantly differed by season across the whole land use gradient shown by season within land uses. Error bars represent
the standard deviations. Letters represent significant differences of P , 0.05 between pairwise land use comparisons or seasons within land
use. The same letter indicates no significant difference.
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season only for CT wheat. SWC significantly decreased (P , 0.05) in CT wheat, with the
lowest SWC of all sites being observed in CT wheat during January, whereas all other
land uses had lows in SWC during summer months (Fig. 1b). Minimum daily air temper-
atures occurred in December 2016 and January 2017, and maximum air temperatures
occurred in August 2016 and July 2017. The greatest monthly rainfall was recorded in
April 2017 (227 mm) and the lowest monthly rainfall in November 2016 (15 mm). Both
croplands had higher averages of TopN that significantly differed from those of the
grasslands less management disturbed (P , 0.05). Elevated levels of TopN were pres-
ent during summer and fall in both croplands. Ammonium (NH4) was significantly
(P, 0.05) lower in NT canola than other land uses.

Impact of land use and seasonality on soil bacterial communities. To determine
the effect of land use and season over the sampling period, a-diversity was calculated
for the bacterial communities (Table 1). For all land uses, seasonal variability had a
greater impact on a-diversity than land use, with all indices significantly different
between seasons (P , 0.001). Overall, bacterial richness was lower in summer and fall
than winter and spring, but no single land use had a more diverse or rich community
throughout the sampling period. Shannon diversity was the lowest in the fall across all
land use types, and fall was significantly different from other seasons (P , 0.05). The
two fields that differed the most as far as management disturbance, TGP and CT wheat,
were compared separately to see if land use differences were observed when focusing
on the most different land use types and levels of management disturbance (Table 1);
interestingly, significant differences were still driven by season.

The effect of land use and season on the b-diversity of soil bacterial communities
was examined using principal-coordinate analysis (PCoA) based on the Bray-Curtis dis-
tance metric. The bacterial community structure of soils was visibly separated by land
use, with CT wheat generally isolated from the other land uses (Fig. 2). NT canola and
OWB pasture were the most similar in community structure. Each field had observable
temporal differences in community structure, and the visible temporal differences
increased with increasing management disturbance. Permutational multivariate analy-
sis (PERMANOVA) supported the PCoA plot (Table 2), indicating that the structure of
the bacterial community was significantly shaped by land use (P = 0.001, R2 = 0.2949)
and season (P = 0.001, R2 = 0.1067), but the effect of season was not as strong as that
of land use. When comparing just the TGP and CT wheat, the same significant differen-
ces were observed, but the effect of land use (P , 0.05, R2 = 0.3614) on the bacterial
community structure was even greater.

Responses of soil bacterial community composition across the land use gradient. The
soil bacterial community was dominated on average by several bacterial taxa across all

TABLE 1 Bacterial community structural and functional differences in a-diversity based on
land use and sampling timea

Alpha diversity Effect

16S GeoChip

All fields TGP and CT TGP and CT

F P F P F P
Chao 1 Field 0.517 0.672 0.896 0.350

Season 12.05 ,0.001 5.196 0.005

Observed OTUs Field 0.573 0.635 1.401 0.244
Season 11.16 ,0.001 3.663 0.022

Pielou Field 1.891 0.138 1.738 0.195 0.410 0.529
Season 3.494 0.020 0.280 0.839 1.790 0.192

Shannon Field 0.426 0.735 0.415 0.523 0.939 0.343
Season 9.129 ,0.001 1.970 0.137 1.772 0.195

aCorrelations based on analysis of variance. Season for GeoChip represents sampling time since only three times
were used across the data set. TGP, native tallgrass prairie; CT, conventionally tilled winter wheat.
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land use types commonly found in soils, including Actinobacteria (20.16% to 24.67%),
Proteobacteria (21.20% to 24.36%), Firmicutes (9.68% to 18.03%), Acidobacteria (9.20%
to 13.53%), and Chloroflexi (4.23 to 9.90%) accounting for over 75% of the relative
abundance of each system (see Fig. S2 and Table S1 in the supplemental material). The
lower-relative-abundance phyla were comprised of Bacteroidetes, Gemmatimonadetes,
Planctomycetes, and Verrucomicrobia, all of which made up at least 1% of the bacterial
community in all land uses over the sampling period (Fig. S2 and Table S1).

Significant differences in the relative abundance of the main bacterial taxa between
types of land use were evident at the phylum level (P = 0.001). The greatest number of
significant differences of relatively abundant phyla were between CT wheat and TGP
communities, while NT canola and OWB pasture had the smallest number of significant
community differences (detailed in Table S2 in the supplemental material). Within indi-
vidual land uses, the phylum relative abundance of the bacterial communities differed
significantly by season (P, 0.01), except for OWB pasture (P = 0.066). Markedly, signifi-
cant changes in many phyla across seasons were unique to specific land use types
(detailed in Table S3 in the supplemental material). At a lower taxonomic level, roughly
20% of the operational taxonomic units (OTUs) in each land use were not present in
any of the other land uses, with the smallest percentage of shared OTUs between CT
wheat and the TGP (see Fig. S3a in the supplemental material). Within all land uses, the
greatest percentage of unique OTUs was observed during the spring (Fig. S3b to e),
corresponding to warming air temperatures, rainfall peaks, and resuming plant growth.
CT wheat had the most shared OTUs during the fall and spring, which were the wheat
growing seasons. TGP also had the most shared OTUs during the peak growing season
for warm grasses during summer and fall. In general, as the amount of management
disturbance increased between land uses, the bacterial communities became increas-
ingly different at the phylum and OTU levels.

Effect of soil and environmental factors on soil bacterial diversity.While a-diver-
sity indices were not significantly different across the land management disturbance gradi-
ent, they were affected by local soil properties that differed between land uses. The rich-
ness and diversity of the CT wheat bacterial community significantly (P , 0.05) decreased
when there were high levels of TopN present. Similarly, the diversity and evenness signifi-
cantly (P , 0.05) decreased in the presence of elevated TopN in NT canola. Only the rich-
ness in the TGP was significantly influenced by SWC. There were no detectable relation-
ships between soil variables and a-diversity for OWB pasture.

FIG 2 Principal-coordinate analysis of Bray-Curtis dissimilarity for soil bacterial communities (16S rRNA gene) showing the differences in four fields along a
management disturbance gradient over a 1-year sampling period. (a) Differences in community structure between land uses. Land uses include
conventionally tilled (CT) wheat, no-till (NT) canola, Old World bluestem (OWB) pasture, and native tallgrass prairie (TGP). (b) Differences in community
structure separated by season.
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The influence of management, soil, and environmental factors on b-diversity was deter-
mined using the Mantel test and multiple regression on a distance matrix (MRM), with corre-
lations to individual taxa within land uses shown in Table S4 in the supplemental material.
Overall, bacterial community differences were significantly driven by tillage . SWC . sam-
pling time . minimum air temperature according to the Mantel test (Fig. 3a). Between
fields (spatially), soil factors shaped by land use were significantly important, including
OM . TN . SWC. In comparison, sampling time had the greatest correlation to temporal
community differences as well as OM and TN. Since potentially significant correlations
among factors could exist, MRM was further used to determine the contributions of differ-
ent environmental factors to shaping bacterial community structure. In general, differences
based on MRM were similar to those of the Mantel test, with tillage . sampling time .

minimum air temperature being significant (Fig. 3b). Notably, spatially related factors had a
stronger impact (R2 = 0.62) on the bacterial community than temporally related factors (R2 =
0.46). The same soil factors were key to spatial difference based on the MRM and Mantel
test (Fig. 3c), with average air temperature also having moderate importance. Sampling
time again had the strongest relationship with temporal differences (Fig. 3d). The factors av-
erage rainfall. TN. TopN were also key to temporal community dynamics.

Each land use was then examined separately to determine if soil and environmental
variables contributed equally to the variation in bacterial community structure. Based on
canonical correspondence analysis (CCA) (see Fig. S1 in the supplemental material), var-
iance partitioning was used to determine if climate variables, nitrogen measurements, or
other soil properties explained the most variations in community structure (Fig. 4).
Nitrogen measurements had the largest impact on the CT wheat bacterial community and
interacted with the other soil properties and climate variables (Fig. 4a). The majority of the
variation of bacterial communities was explained by the soil properties for the NT canola
site (Fig. 4b), with nitrogen measurements and climate variables having a minor interac-
tion. For OWB pasture, the variations explained by all groups were similar, with soil proper-
ties and nitrogen measurements explaining almost the same amount of variation (Fig. 4c).
The distribution of the variation explained for TGP was similar to what was observed at the
OWB site (Fig. 4d), with all sets of variables having a relatively equal impact on the bacterial
community structure. The greatest interaction of all variables was observed for the TGP.
Therefore, management and sampling time had the greatest impact on diversity, and man-
agement greatly impacted the importance of different soil and climatic factors in shaping
bacterial communities within fields.

Functional community differences between tilled cropland and native prairie.
Functional diversity at three distinct times across the 1-year data set was investigated
using functional gene array for the CT wheat and TGP. For the a-diversity of the func-
tional community, no significant differences were found based on land use or sampling
time when looking at evenness and diversity (Table 1). Significant differences were

TABLE 2 Effect of land use and season on bacterial community structuresa

Distance metric Effect

16S GeoChip

All fields TGP and CT TGP and CT

R2 P R2 P R2 P
Bray-Curtis Field 0.2949 0.001 0.3614 0.001 0.0842 0.005

Season 0.1067 0.001 0.1140 0.014 0.1363 0.034
Field� Season 0.1102 0.104 0.0783 0.112 0.1049 0.011

Jaccard Field 0.2057 0.001 0.2394 0.001 0.0798 0.004
Season 0.0876 0.001 0.1125 0.018 0.1299 0.042
Field� Season 0.1303 0.032 0.0928 0.083 0.1054 0.014

aThe 16S permutational multivariate analysis of variance (adonis) model was set up as dissimilarity; field�
season. 16S analysis was done by including 4 fields: TGP, OWB pasture, NT, and CT. It was also performed using
only prairie and CT since GeoChip included only those two fields. The GeoChip permutational multivariate
analysis of variance (adonis) model was set up as dissimilarity; field� season1 block with permutation
constrained by block to deal with the effect of data on multiple arrays.
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observed for the functional b-diversity of the two fields. Land use, sampling time, and
the interaction of the two factors were all significant in shaping functional diversity
(Table 2). Interestingly, sampling time and the interaction of sampling time and land
use had a stronger effect on the functional structure than land use alone.

To investigate the significant differences in functional community structure, response
ratios were used to compare relative gene abundances between land use and sampling
time. When compared by land use, all genes that were significantly different were greater
in the TGP. Comparisons of sampling times between land use had significant differences in
genes involved in carbon cycling, organic remediation, nitrogen, and metal homeostasis.
Surprisingly, very few functional gene differences were observed when comparing the two
fields during August (see Fig. S4 in the supplemental material). The greatest significant dif-
ferences between the functional community structures of CT wheat and the TGP occurred
during January (Fig. 5a), when the relative abundances of almost all genes that were signif-
icantly different were greater in the TGP. Fewer significant differences in function were
observed in May (Fig. S4) than in January.

Soil and environmental factors also impacted the functional potential of CT wheat
and TGP. The local diversity of the CT wheat field was impacted by OM, SWC, and tem-
perature measurements. Evenness and diversity significantly decreased (P , 0.05) as
OM increased, while both indices significantly increased (P , 0.05) with increasing air
temperature. An increase (P , 0.05) in local diversity was also associated with increas-
ing SWC. No significant relationships were identified in the TGP land use. CCA was also
used to explore the impact of soil and environmental factors on the functional commu-
nity composition (Fig. 5b). Nitrogen measurements (TopN and NH4

1) appeared to have

FIG 3 Effects of soil and environmental factors on soil bacterial community structure. (a) Correlations on overall, spatial, and temporal differences based
on Mantel test. (b) Multiple regression on distance matrix (MRM) on overall community structure. (c) MRM for spatial differences in community structure.
(d) MRM for temporal differences in community structure. Bars with diagonal lines represent negative regression coefficients. Gdist, geographical distance
between sampling sites. Significance is expressed as follows: ***, P , 0.001; **, P , 0.01; and *, P , 0.05.
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a greater impact on CT wheat, and soil properties (SWC and OM) appeared to be more
important for the functional structure in the TGP. Average air temperature (AvgTemp)
had a more important relationship with the function of the TGP community than the
CT functional community. Overall, OM grouped closer to the first axis, where functional
differences were observed based on land use, while AvgTemp and NH4

1 were closer to
the second axis, where functional differences were separated by sampling time. SWC
and TopN appeared to influence functional structure the most based on the interaction
between land use and sampling time. Similarly, variance partitioning analysis (VPA)
showed a large amount of the variation in the functional structure to be unexplained
(Fig. 5c), and soil properties, nitrogen measurements, and climatic factors all explained
a comparable amount of variation. Soil properties greatly interacted with climatic fac-
tors and nitrogen measurements. While all soil factors and climatic variables were im-
portant to variations in functional diversity, more links to these factors and local func-
tional diversity were observable for the highly managed CT wheat field.

Links between structural and functional community types in tilled cropland
and native prairie. The Mantel test was used to examine the relationship between taxo-
nomic, phylogenetic, and functional bacterial community structure, focusing on key func-
tional groups (e.g., carbon cycling, nitrogen cycling, and virulence). When considering

FIG 4 Variation partition analysis (VPA) of bacterial community structure explained by soil properties, nitrogen
measurements, and climate variables for each land use. Variable groupings include soil variables (SWC and
OM), nitrogen measurements (TopN, NH4

1, and TN), and climate (rainfall and temperature) variables. Total
nitrogen (TN) was included only in the CT wheat nitrogen measurements based on the CCA results. Bacterial
community data are based on 16S rRNA gene sequencing data.
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overall community interactions for the TGP, almost all functional groups had a negative
relationship with taxonomic diversity (see Fig. S5a in the supplemental material). In com-
parison, most of the relationships between functional groups and phylogenetic diversity
were positive, with a moderately significant association with methane cycling genes
(r = 0.229, P = 0.07). The strength of the relationship between functional groups and phylo-
genetic diversity was significantly greater (P, 0.001) on average than that with taxonomic
diversity for the TGP. For individual sampling times, a similar pattern was observed where
the strength of the relationships between functional groups and phylogenetic diversity
was greater than taxonomic diversity. For the CT wheat field, the majority of relationships
between functional groups, taxonomic diversity, and phylogenetic diversity were negative
(Fig. S5b). The most significant relationships were found between functional groups and
taxonomic diversity for CT wheat, including carbon cycling (r = 0.26, P = 0.05), methane cy-
cling (r = 0.31, P = 0.02), and organic remediation (r = 0.24, P = 0.05). The strength of the
relationships was significantly greater (P , 0.001) between taxonomic diversity and func-
tional groups on average. The correlation strength for each sampling time for CT wheat
was greater between taxonomic diversity and functional diversity for individual sampling
months as well. Primarily, functional structure was more strongly associated with phyloge-
netic structure in the TGP compared to CT wheat, where functional structure was more
closely related to taxonomic structure.

To look closer at relationships between structure and function, functional groups
were compared to OTUs. Several OTUs had a significant relationship (P # 0.05) with
functional groups that were present in both fields (see Table S5 in the supplemental

FIG 5 Functional differences between conventional tilled (CT) wheat cropland and native tallgrass prairie (TGP). (a) Differences in relative gene abundance
during January between TGP and CT wheat functional community based on response ratio. All genes greater than 0.0 were greater in the TGP community.
All genes present are indicated as significantly different by 90% confidence interval, 95% confidence interval (*), and 99% confidence interval (**). (b)
Canonical correspondence analysis (CCA) examining the relationships between soil and environmental factors on function community structure using
GeoChip data. (c) VPA of functional community structure explained by soil properties (SWC and OM), nitrogen measurements (TopN and NH4

1), and
climate variables (rainfall and temperature).
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material) with the direction of the relationship often varying between fields. For exam-
ple, all the OTUs linked to carbon cycling, carbon degradation, and methane cycling in
both fields had a negative correlation for the TGP and a positive correlation for CT
wheat, likely related to their importance to the processes directly or indirectly within
each field. OTUs significantly correlated with N fixation present in both fields were all
Bacillus spp. and were present in a much greater abundance in CT wheat, generally
having highs in August and May compared to highs in just May for the prairie. One
OTU (Massilia sp.) significantly correlated with organic remediation in both fields and
had a higher abundance overall in the TGP, with peaks in August, whereas abundance
was greatest in May for CT wheat. Significant OTUs were then compared within fields
to determine if OTUs were significantly correlated with more than one function. When
examining the functional groups of carbon cycling, nitrogen cycling, and organic reme-
diation, the TGP had almost 60 OTUs that significantly correlated with all three proc-
esses, compared to only 3 in CT wheat, potentially reflective of how specialized the
community is in the CT wheat field. The three OTUs in CT wheat all belonged to a dif-
ferent phylum, while the significant OTUs in the TGP included many species in the
orders Rhizobiales, Bacillales, and Solirubrobacterales.

DISCUSSION
Impact of land use and seasonality on soil properties. Land use change, manage-

ment intensification, and season have different effects on soil properties and thus
impact microbial communities in different ways. In this study, we examined how the
soil ecosystem was affected by an increasing amount of management disturbance
across four land uses commonly found in the U.S. Southern Plains. Land use change
and management intensification modify the soil environment and generally reduce
soil quality (48), as illustrated by the decrease in OM, TN, and SWC under tillage man-
agement compared to other land uses (49). Reducing management disturbance
resulted in several soil properties being indistinguishable between land uses, further
signifying that removing intensive management improves vital soil properties (1).
Meanwhile, it had been previously observed that land uses under comparable amounts
of management resulted in similar edaphic properties when cropland and non-crop-
land soil properties were compared (3, 50), which may explain parallels between prop-
erties in NT canola and OWB pasture, which received similar yearly management. Only
soil properties related to climate and management significantly differed by season.
Lower SWC was evident in times of low monthly rainfall or increased daily tempera-
tures. For the croplands, soils exhibited highs of TopN during summer and fall due to
fertilizer application, which is expected as management practices in agricultural fields
are largely seasonally dependent (23, 51). Overall, even though land use was the great-
est determinant of soil properties, sampling time was also key for explaining differen-
ces in soil properties, especially as management disturbance increased.

Impacts of land use and seasonality on soil bacterial diversity. Determining how
soil microbial community diversity is impacted across time and space is crucial for pre-
serving soil health against continued environmental changes. The a-diversity and b-di-
versity of bacterial communities were distinctively altered by land use and season. As
has been observed in a similar study comparing land use types and temporal dynamics
(21), season had the most significant impact on a-diversity, with different land uses
having greater diversity at various times of the year. However, the interactive effect of
season and land use on belowground diversity remains unclear as most studies
emphasize spatial variability over temporal variability (52). On large spatial scales, vari-
ation in a-diversity is not significantly explained by land use but rather soil properties
(7), with moisture and nutrient availability generally being the most notable factors
(20, 53, 54). Increases in TopN in the croplands decreased a-diversity (55, 56), while
SWC influenced a-diversity in the TGP. Both properties generally vary over shorter peri-
ods of time, making them potentially better predictors of seasonal microbial commu-
nity changes (6). Even with the documented impact of season on a-diversity, it is
thought that the importance of temporal dynamics is underestimated due to the
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presence of relic DNA (57), the response of different taxa to environmental changes
(52), and the lack of focus on living/active cells (58, 59). Given that no land use had the
greatest a-diversity throughout the whole 1-year period and a-diversities were influ-
enced by soil properties that vary seasonally, it is important to assess temporal dynam-
ics when trying to determine differences in the microbial community.

The effects of land use were far more critical for regulating the b-diversity of the
bacterial communities across the management gradient. The b-diversity of all land use
types differed from that of the TGP (Fig. 2), with tillage management having the most
significant impact (Fig. 3). Between land uses, several soil factors and air temperature
were critical for differences in bacterial diversity (Fig. 3), while the distance between
sites had no significant effect on the smaller scale of our study. Within fields, as man-
agement decreased, less variation in b-diversity was explained by the measured prop-
erties, of which the relative importance became more evenly distributed (Fig. 4). No
group of variables was the most important to variations in TGP bacterial diversity. In
comparison, slightly greater importance of nitrogen and other soil properties was
found to be associated with variations in OWB pasture, possibly due to changes in mi-
crobial community composition and diversity from management disturbances in grass-
lands (60, 61). More variation in bacterial diversity was explained in the croplands. While
both croplands were fertilized, soil N content was far more important to bacterial diversity
in CT wheat, presumably because fertilizer was applied with no residue cover and directly
incorporated through tillage. Soil properties that increased under NT management like
SWC and OM explained more variations in the NT canola, supporting that reduced man-
agement increases carbon storage and moisture availability (62, 63). Sampling time was
also a significant driver of diversity differences (Fig. 3), with rainfall and soil nutrients again
having considerable influence. This is consistent with previous studies where climate varia-
bles, soil moisture, and nutrient availability dictated temporal changes (6). Although several
factors were exclusive to shaping bacterial diversity based on time or space, SWC, OM, and
TN continually appeared to be notable factors impacting the bacterial communities (64–
67), with land use type being critical to explain differences in diversity, especially compared
to the native system. It should be noted, that this was the first time canola was planted on
the NT cropland, which had previously been a long-term winter wheat system. While plant
species can influence the microbial communities, many other factors in croplands likely
outweigh the introduction of a new crop. In agricultural systems, crops are cultivated in
various soils being impacted by the soil type, soil properties, and land management, often
reducing the importance of the rhizosphere microbial community for plant growth com-
pared to native ecosystems (28). Soil properties have also been shown to override the influ-
ences of crop type on soil bacterial communities (68), with land use and management
strongly shaping soil properties (1, 21). Additionally, a mesocosm experiment using soil col-
lected from long-term monoculture cropping systems determined that the cropping his-
tory of the soil was the main factor determining the microbial community composition
when a new crop was introduced (69). Together, these points help emphasize that the
plant type during this single growing season was likely not responsible for the overall
observed differences.

While much is still unknown about the relationship between taxonomic/phyloge-
netic and functional diversity, it is widely believed that increased diversity, including
functional diversity, sustains soil functions and creates greater resilience to disturbance
and stress (70, 71). Taxonomic/phylogenetic and functional diversity can also be differ-
entially affected by soil and environmental properties. Based on results from the FGA
analysis, land use and sampling time were both central in shaping the functional diver-
sity of the CT wheat and TGP field, although land use alone had less of an effect than
sampling time or the interaction of sampling time with land use. The reduced effect of
land use on functional diversity is likely due to shared taxa between communities lead-
ing to more similar functional traits (72, 73) and the redundancy of many biogeochemi-
cal gene families across microbial groups (74). TGP functional diversity was associated
with greater SWC, OM, and air temperature, and CT wheat functional diversity was
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associated with higher N content. Available N has been shown to significantly impact
the active bacterial community and increase the number of taxonomic and phyloge-
netic groups that specialize in using N compounds (58). We also attempted to uncover
the correlations between taxonomic/phylogenetic diversity and functional diversity,
although deciphering such correlations is not straightforward. Functional diversity had
stronger correlations to taxonomic diversity than to phylogenetic diversity in the CT
wheat field, whereas in the TGP, functional diversity had stronger relationships with
phylogenetic diversity. It is possible that the CT wheat community remains more phy-
logenetically similar over time, while the taxonomic community changes more rapidly.
These types of patterns have been previously observed and suggested as warning
signs of biodiversity loss due to environmental changes (75, 76) resulting from inten-
sive management practices in agroecosystems.

Impacts of land use and seasonality on soil bacterial community composition.
Throughout our study, the greatest management disturbance resulted in the greatest
impact on the bacterial community, as shown by the results of tillage treatment at
both the phylum and OTU levels. The impact of land management, especially tillage,
on bacterial community composition has been extensively documented (1, 77, 78), and
although less studied, season has considerable influence on composition as well (21,
23, 79). For all land uses, the most unique OTUs were present during the spring season.
During spring, air temperatures begin to rise and rain increases. Temperature and
moisture not only impact the physiological activity of bacterial communities, but also
regulate plant activity, including rapid growth and increasing root exudates (80, 81).
Such large seasonal changes are likely responsible for differences in community com-
position observed between land uses as well as the increase in bacterial richness dur-
ing the spring season. Monitoring changes in microbial composition over time and in
response to management is one of the best ways to determine sustainable agricultural
practices as it can indicate early potential changes in soil functionality, although it is
necessary to remember there is not one optimal microbial community composition.

To examine the functional gene community composition, relative gene abundances of
the whole communities were compared between CT wheat and the TGP. Between the two
land uses, the abundances of all genes that significantly differed were always greater in the
TGP. Such differences are believed to be reflective of microbial functional gene abundance
and diversity (46), although gene presence does not necessarily mean the gene is being
actively transcribed. More distinct differences in gene abundances between land uses were
apparent when comparing specific sampling times (Fig. 5; Fig. S4). In general, seasonal mi-
crobial community differences are usually more evident in agricultural soils compared to
native soils (21) due to seasonal management practices and plant activity. The greatest dif-
ferences occurred during January, when plants in both fields were generally not active, air
temperatures reached yearly lows, and CT wheat had the lowest SWC. The importance of
soil water content in regulating microbial activities is well known, with soil water content
being a key abiotic factor linked to functional diversity (82). Furthermore, the greater ground
cover (i.e., residues) during the winter in the TGP may help alleviate the stress of the colder
temperature on the microbial community, with greater plant litter amounts also increasing
water infiltration and reducing soil evaporation (83). Therefore, the effects of reduced SWC
and reduced ground cover could lead to decreased microbial diversity and activity under CT
wheat. The smallest number of differences in the functional gene community was observed
in August. The tallgrass prairie mainly consists of warm-season grasses; therefore, the plant
community is in peak growth during this time, likely releasing nutrients to support microbial
activity. In comparison, the CT wheat field is tilled during the summer fallow season to incor-
porate residues for decomposition providing organic carbon and nitrogen, again likely
resulting in increased microbial activity (84, 85). Even though there were clear differences in
the functional diversities of the microbial communities in relation to land use and sampling
time, it is equally necessary to survey changes in functional gene abundance as shifts in di-
versity alone do not always result in differences in the biogeochemical functional ability of
the soil microbial community (86, 87).
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Conclusions. Environments in agroecosystems are continually modified due to
land use and management practices that can, directly and indirectly, influence soil bac-
terial communities. Soil communities are exposed to variability in space and time, mak-
ing no single biotic or abiotic factor the sole reason for shifts in bacterial community
composition, raising the need for continued research on a range of agricultural sys-
tems. In this study, we investigated the effects of land use and sampling time on the
structural and functional diversity of bacterial communities as well as the interactions
with soil and environmental factors in four land uses in the U.S. Southern Plains. First,
our results indicated that land use, especially with intensive management, had the
greatest impact on taxonomic diversity, while sampling time and time within a specific
land use were more important for differences observed in functional diversity. Next,
soil nutrients, particularly nitrogen, and soil water content were determined to be criti-
cal for variations in community taxonomic and functional diversity across land man-
agement and sampling time. Last, functional diversity was also reduced under inten-
sive management, with species likely being more specialized in function due to
fertilizer usage and more strongly linked to taxonomic diversity than phylogenetic di-
versity. Although the impacts on functional and structural diversity may have different
relationships with land use and sampling time, it is clear that both types of diversity
are important for structuring the interactions of edaphic properties, climatic factors,
and bacterial communities. The results contribute to the idea that preserving microbial
diversity should be one of the main focuses of sustainable agriculture. While these
observations may be regionally specific, we recommend sampling around manage-
ment practices (e.g., August) as sampling in relation to a specific management practice
or environmental change likely provides the most insight when trying to determine
the impact on soil health. This is one reason why microbes show great promise as a
soil health indicator as they can respond to disturbance before plant communities and
soil properties. Additionally, we further recommend the use of no tillage as it increased
the total nitrogen, organic matter, and water content in the soil, in comparison to CT
management, which increased the reliance on nitrogen inputs, generating a less
diverse and likely more specialized bacterial community. Moving forward, continued
monitoring of changes in bacterial communities within local land uses’ corresponding
natural and anthropogenic disturbances will likely be most useful when trying to make
informed decisions about managing soil health and ecosystem services.

MATERIALS ANDMETHODS
Site description and field sampling. The study was conducted at the United States Department of

Agriculture, Agricultural Research Service, Grazinglands Research Laboratory at El Reno, OK (35°34.19N,
98°03.69W; 414 m above sea level), from August 2016 to July 2017. Soil was collected from four sites:
native tallgrass prairie (TGP), introduced (OWB) pasture, NT canola field, and CT winter wheat field. The
grasslands and croplands were approximately 2.7 km apart. All four sites are included in the Southern
Plains site of the Long-Term Agroecosystem Research (LATR) Network (88, 89). The soil type for the
research area was Bethany silt loam (a fine, mixed, superactive, thermic Pachic Paleustolls). The study
area has a temperate continental climate, with summer months being characteristically hot and dry with
a 30-year (1980 to 2010) average daily maximum and minimum air temperatures of 22.5°C and 8.8°C,
respectively, and rainfall mostly occurring in May to June and September to October, with an average
annual rainfall of 860 mm (90–93).

Native tallgrass prairie consists of mainly warm-season native mixed grasses. This mixture includes
big bluestem (Andropogon gerardii Vitman.), little bluestem [Schizachyrium scoparium (Michx.) Nash],
Indiangrass [Sorghastrum nutans (L) Nash], and switchgrass (Panicum vergatum L.). Old World bluestem
(Bothriochloa spp.) is a monoculture pasture site that was established well over 20 years before this
study was conducted. Both pasture sites had deep soils (.1-m depth) and high water-holding capacity
(90, 94). During the sampling period, the TGP was grazed by beef cattle for approximately five of the
sampling months at a stocking density of 0.13 head/ha for 30 days and 0.83 to 1.06 head/ha for the
remaining months. The OWB pasture was grazed for roughly eight of the sampling months at a stocking
density ranging from 0.65 to 0.94 head/ha. Prescribed burns of the pasture sites are on a 4-year rotation,
with the most recent burning occurring in February 2014. The OWB pasture is managed using annual
fertilizer and herbicide treatments (91), while the native TGP is not fertilized treated. In these pastures,
vegetation generally greens up in April and enters the senescence phase toward the end of October,
with peak growing season occurring during the May to June period (95).

As a cool-season crop, winter wheat is the dominant cultivated ecosystem in the U.S. Southern
Plains, generally converted from native tallgrass prairies. Winter wheat has been planted in the study
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sites under CT management since the late 1990s. In Oklahoma, winter wheat fields are managed for mul-
tiple purposes, such as grain-only, graze-grain, and graze-out. The CT wheat field was grain-only during
the 2015 to 2016 growing season and graze-out (no grain production; cattle grazing from November
through May) during the 2016 to 2017 growing season. Each year, the seedbed was prepared for plant-
ing using a chisel plow treatment to a depth of 31 cm, which resulted in complete disturbance of soil
and residue mixing (84). The NT canola field was converted from a CT wheat field in 2015. It was grain-
only wheat during the 2015 to 2016 growing season and on canola rotation during the 2016 to 2017
growing season as a part of the 4-year crop rotation (canola, grain-only wheat, graze-grain wheat, and
graze-out wheat). It was the first year canola had been grown in the NT plot. Both croplands were left
fallow from June to September, being fertilized and planted between late August and mid-October.
Crops had fall and spring growing seasons and were dormant during the winter months. The CT wheat
site was harvested in early June, and the NT canola site was harvested in late June. Detailed manage-
ment data have been previously published (96).

Soil sampling began in August 2016 for all sites. Soil sampling was conducted every 2 weeks during
the fall and spring months and once a month during summer and winter months, resulting in 20 sam-
pling times per field between August 2016 and July 2017 for a total of 80 soil samples. During each soil
sampling time point, eight cores roughly 20 m apart were taken in a random-walking pattern through-
out each field at a depth of 0 to 15 cm using a 2.5-cm-diameter soil probe. Soil cores were pooled and
homogenized at each sampling time for a representative sample of each plot. Soils were sieved to 2 mm
to remove debris and stored at 280°C until analysis.

Soil properties and climate data.Weather data, including average monthly rainfall, maximum air tem-
perate, average air temperature, and minimum air temperature, were gathered from an Oklahoma Mesonet
weather station (http://www.mesonet.org/index.php/weather/local/elre) in El Reno (ELRE), Oklahoma. The
Mesonet tower is located on the native TGP site used in this study (35°32.99N, 98°02.29W). Soil chemical analy-
ses were performed at the Oklahoma State University Soil, Water and Forage Analytical Laboratory (https://
agriculture.okstate.edu/departments-programs/plant-soil/soil-testing/). Tests included topsoil nitrate (TopN),
soil organic matter (OM), soil total nitrogen (TN), and ammonium (NH4

1). Gravimetric soil water content
(SWC) was determined by oven drying for$24 h at 65°C or until the weight no longer changed (84).

Soil DNA extraction, PCR amplification, and sequencing. Microbial genomic DNA was extracted
from 0.25 g of soil using the Quick-DNA fecal/soil microbe miniprep kit (Zymo Research, Irvine, CA,
USA) according to the manufacturer’s instructions, and DNA was eluted with sterile water. For each
soil sample, four technical replicates were extracted. DNA was quantified with the Qubit double-
stranded DNA (dsDNA) BR assay kit (Thermo Fisher Scientific, Waltham, MA, USA), as described in the
manufacturer’s instructions. DNA dilutions of 2 ng/mL were prepared for use in PCR. PCR was per-
formed using a two-step barcoding protocol (97). For the first DNA amplification, primer pair M13-
tagged 341F (59-GTAAAACGACGGCCATACGGGNGGCWGCAG-39) and 785R (59-GACTACHVGGGTATC
TAATCC-39) were used (98). The second PCR step used a barcoded version of the forward primer and
the 785R primer stated above. The PCR for amplification used a 50-mL mixture containing 0.1 mL of
each primer (100 mM), 2 mL of template DNA, 25 mL of Phusion high-fidelity PCR master mix with HF
buffer, and 23 mL of water. The PCR conditions were a preliminary denaturation phase at 95°C for
5 min then 30 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 60 s, and final extension at 72°C for
10 min. PCR products were checked on a 1% agarose gel for amplification and purified using a
QIAquick PCR purification kit (Qiagen, USA) before the barcoding reaction. The PCR barcoding step
used a 30-mL reaction mixture containing 0.15 mL of reverse primer, 1 mL of the barcode forward
primer, 5 mL of purified PCR product, 15 mL Phusion high-fidelity PCR master mix with HF buffer, and
8.85 mL of water. The PCR conditions for the barcoding reaction were 95°C for 5 min, followed by 6
cycles at 95°C for 30 s, 55°C for 60 s, and 72°C for 90 s, and a final extension at 72°C for 10 min. PCR
product was then pooled and further purified before sequencing using an Illumina MiSeq platform
(Illumina, USA) at the Oklahoma Medical Research Foundation (Oklahoma City, OK).

Sequence analyses. Raw FASTQ files were checked for quality with FASTQC (https://www.bioinformatics
.babraham.ac.uk/projects/fastqc) then demultiplexed and processed using QIIME (version 1.9.0) (99). Low-qual-
ity sequences and chimeras were removed. Operational taxonomic units (OTUs) were clustered at 97%
sequence similarity using the UCLUST function in QIIME. Technical replicates for each sample were combined
to increase sequence number per sample and get one representative sample per time point. The OTU repre-
sentative sequences were taxonomically identified using the SILVA 16S database. Sequences were rarefied to
12,000 sequences per sample based on the lowest sequence number sample to use for a-diversity, calculated
using the vegan package (100) in R version 4.0.3 (101). b-Diversity was calculated using the vegan package
using the unrarefied data.

Functional gene array. The GeoChip 5.0S array containing ;60,000 probes per array (35) was used
for functional gene analysis. Microarray analysis was conducted following previously described protocols
(34, 35). In short, three time points were chosen from the 1-year sampling period to represent various
sampling seasons from TGP and CT wheat. These two fields were chosen for further examination
because CT wheat croplands are the most common type of land conversion of native prairie systems.
The DNA extracted for sequencing was also used for this part of the study. Each DNA sample was puri-
fied using Agencourt AMPure XP (Beckman Coulter, CA, USA) bead purification following the manufac-
turer’s protocol. The quality of the DNA was determined using a Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE) based on the A260/A280 and A260/A230 ratios, and DNA concen-
trations were quantified again using Qubit dsDNA BR assay kit (Thermo Fisher Scientific, Waltham, MA,
USA). DNA was labeled using random priming and cyanine dye, purified using Qiagen QIAquick purifica-
tion kit per manufacturer’s instructions, and dried. Resuspended labeled DNA was mixed with
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hybridization solution and pipetted into the center of the well of the gasket slide (Agilent), and the array
was assembled and sealed and placed into a rotisserie hybridization oven to hybridize in the presence
of 10% formamide at 67°C for 24 h. Once hybridization was complete, slides were washed and imaged
using a NimbleGen MS200 microarray scanner (Roche NimbleGen, Madison, WI, USA).

GeoChip data were normalized and quality filtered with methods modified from previous ones (34,
35). Probes flagged as outliers (bad spots) were removed from all samples. Then, for each array, the sum
of the signal intensity was calculated, and the maximum sum value was applied to normalize the signal
intensity in each array, producing a normalized value for each spot in each array. Normalized data were
further denoised as follows. A probe signal is counted as low rank in a sample if a raw signal is ,500, a
signal/noise ratio (SNR) is ,2, a signal/background ratio (SBR) is ,1.3, a coefficient of variation (CV) is
.0.8, a signal is ,99% of detected probes, or a signal is ,50% of designed probes. Only the probes
showing low-rank signals across all samples were removed as noise. Then, probe signals with an SBR of
,1.1 were filled with zeros, considered undetected.

Statistical analyses. Differences in measured soil properties were compared across land use and
season using the Kruskal-Wallis rank sum test. The effects of land use type and seasonal sampling time
and their interactions with a-diversity and b-diversity indices were analyzed using R. The main effects
and interactions of land use and season on a-diversity indices were tested using avop in the “lmPerm”
package (102) in R. Tukey’s post hoc test was used when significant values (P , 0.05) were returned for
one of the main effects or interactions. Analysis of variance (ANOVA) was used to compare the effect of
soil properties to a-diversity within land use types. Principal-coordinate analysis (PCoA) was performed
using Bray-Curtis distance metrics. The statistical significance of effects of season and land use on b-di-
versity was assessed by permutational multivariate analysis of variance (PERMANOVA) using adonis in
the vegan package (100). The same analysis was used for a-diversity and b-diversity of the functional
community. Bacterial community composition differences were compared by field using adonis and
pairwise field comparisons. The same method was used for within-field seasonal differences of bacterial
community composition. To link b-diversity to measured soil and environmental factors, the Mantel test
and multiple regression on distance matrix (MRM) were modified as previously described (103). In the
modified Mantel test and MRM, b-diversities of spatial, temporal, or all pairwise comparisons were,
respectively, subjected to a linear mixed model with random effect of intercepts in different seasons.
The significance test was based on constrained permutation of samples considering the repeated mea-
surement. The factors in the MRM models were forward selected based on adjusted R2. Canonical corre-
spondence analysis (CCA) was conducted to determine the effect of soil properties and environmental
factors on the bacterial community within land use and for the overall functional data set. CCA models
were considered significant when P was ,0.05 and redundant variables had been removed (variance
inflation factor [VIF] of .15). Each variable was additionally checked for significance within each model.
Variance partitioning analysis was conducted for bacterial community composition of each field based
on CCA results. Variables were separated into three groups representing nitrogen measurements (TopN,
NH4

1, and TN), soil variables (OM and SWC), and climate factors (rainfall and air temperature). To exam-
ine differences in relative gene abundance based on GeoChip data, genes present in at least 50% of the
samples across treatment were used. Response ratios were determined using an online available
MicroArray functional gene microarray analysis system (http://ieg.ou.edu/microarray/) based on 90%,
95%, and 99% confidence intervals for land use and sampling time (104, 105). The Mantel test was also
used to examine correlations between functional diversity, taxonomic diversity, and phylogenetic diver-
sity. Correlation coefficients were compared using a two-sided t test. Spearman’s correlation was used to
look at relationships between functional groups and OTUs using cor.test in R.

Data availability. 16S rRNA gene sequences were deposited in the Sequence Read Archive (SRA)
database under BioProject accession no. PRJNA816491.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 2.5 MB.
FIG S2, TIF file, 2 MB.
FIG S3, TIF file, 2.2 MB.
FIG S4, TIF file, 2.5 MB.
FIG S5, TIF file, 2.7 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.02 MB.
TABLE S4, DOCX file, 0.02 MB.
TABLE S5, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS
This study was funded by the USDA National Institute of Food and Agriculture (NIFA)

award 2016-68002-24967. It was also supported in part by the USDA-LTAR (Long-Term
Agroecosystem Research) Network.

Disturbance Gradient Impact on Bacterial Communities mBio

Month YYYY Volume XX Issue XX 10.1128/mbio.03829-21 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

0 
M

ay
 2

02
2 

by
 1

29
.1

5.
66

.2
36

.

http://ieg.ou.edu/microarray/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA816491
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03829-21


We thank Brekke Peterson for help with field sampling. Computing for this project
was performed at the OU Supercomputing Center for Education & Research (OSCER) at
the University of Oklahoma (OU).

REFERENCES
1. Lauber CL, Strickland MS, Bradford MA, Fierer N. 2008. The influence of

soil properties on the structure of bacterial and fungal communities
across land-use types. Soil Biol Biochem 40:2407–2415. https://doi.org/
10.1016/j.soilbio.2008.05.021.

2. Ding GC, Piceno YM, Heuer H, Weinert N, Dohrmann AB, Carrillo A,
Andersen GL, Castellanos T, Tebbe CC, Smalla K. 2013. Changes of soil bacte-
rial diversity as a consequence of agricultural land use in a semi-arid ecosys-
tem. PLoS One 8:e59497. https://doi.org/10.1371/journal.pone.0059497.

3. Murty D, Kirschbaum MUF, McMurtrie RE, McGilvray H. 2002. Does con-
version of forest to agricultural land change soil carbon and nitrogen? A
review of the literature. Glob Change Biol 8:105–123. https://doi.org/10
.1046/j.1354-1013.2001.00459.x.

4. Calderón FJ, Jackson LE, Scow KM, Rolston DE. 2001. Short-term dynamics
of nitrogen, microbial activity, and phospholipid fatty acids after tillage. Soil
Sci Soc Am J 65:118–126. https://doi.org/10.2136/sssaj2001.651118x.

5. Zhao WZ, Xiao HL, Liu ZM, Li J. 2005. Soil degradation and restoration as
affected by land use change in the semiarid Bashang area, northern
China. Catena 59:173–186. https://doi.org/10.1016/j.catena.2004.06.004.

6. Zhang K, Delgado-Baquerizo M, Zhu Y-G, Chu H. 2020. Space is more im-
portant than season when shaping soil microbial communities at a large
spatial scale. mSystems 5:e00783-19. https://doi.org/10.1128/mSystems
.00783-19.

7. Plassart P, Prévost-Bouré NC, Uroz S, Dequiedt S, Stone D, Creamer R,
Griffiths RI, Bailey MJ, Ranjard L, Lemanceau P. 2019. Soil parameters,
land use, and geographical distance drive soil bacterial communities
along a European transect. Sci Rep 9:605. https://doi.org/10.1038/s41598
-018-36867-2.

8. de Moraes JFL, Volkoff B, Cerri CC, Bernoux M. 1996. Soil properties under
Amazon forest and changes due to pasture installation in Rondônia, Brazil.
Geoderma 70:63–81. https://doi.org/10.1016/0016-7061(95)00072-0.

9. Bell T, Newman JA, Silverman BW, Turner SL, Lilley AK. 2005. The contri-
bution of species richness and composition to bacterial services. Nature
436:1157–1160. https://doi.org/10.1038/nature03891.

10. Choudhary DK, Sharma KP, Gaur RK. 2011. Biotechnological perspectives
of microbes in agro-ecosystems. Biotechnol Lett 33:1905–1910. https://
doi.org/10.1007/s10529-011-0662-0.

11. Steenwerth KL, Jackson LE, Calderón FJ, Stromberg MR, Scow KM. 2002.
Soil microbial community composition and land use history in cultivated
and grassland ecosystems of coastal California. Soil Biol Biochem 34:
1599–1611. https://doi.org/10.1016/S0038-0717(02)00144-X.

12. Xue PP, Carrillo Y, Pino V, Minasny B, McBratney AB. 2018. Soil properties
drive microbial community structure in a large scale transect in South
Eastern Australia. Sci Rep 8:11725. https://doi.org/10.1038/s41598-018
-30005-8.

13. Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia NA,
Bodegom PM, Bengtsson-Palme J, Anslan S, Coelho LP, Harend H,
Huerta-Cepas J, Medema MH, Maltz MR, Mundra S, Olsson PA, Pent M,
Polme S, Sunagawa S, Ryberg M, Tedersoo L, Bork P. 2018. Structure and
function of the global topsoil microbiome. Nature 560:233–237. https://
doi.org/10.1038/s41586-018-0386-6.

14. Franzluebbers AJ, Hons FM, Zuberer DA. 1995. Tillage and crop effects
on seasonal soil carbon and nitrogen dynamics. Soil Sci Soc Am J 59:
1618–1624. https://doi.org/10.2136/sssaj1995.03615995005900060016x.

15. Sparling GP, Hart PBS, August JA, Leslie DM. 1994. A comparison of soil
and microbial carbon, nitrogen, and phosphorus contents, and macro-
aggregate stability of a soil under native forest and after clearance for
pastures and plantation forest. Biol Fertil Soils 17:91–100. https://doi
.org/10.1007/BF00337739.

16. Ishaq SL. 2017. Plant-microbial interactions in agriculture and the use of
farming systems to improve diversity and productivity. AIMS Microbiol 3:
335–353. https://doi.org/10.3934/microbiol.2017.2.335.

17. Fierer N, Wood SA, Bueno de Mesquita CP. 2021. How microbes can, and
cannot, be used to assess soil health. Soil Biol Biochem 153:108111.
https://doi.org/10.1016/j.soilbio.2020.108111.

18. Bünemann EK, Bongiorno G, Bai Z, Creamer RE, De Deyn G, de Goede R,
Fleskens L, Geissen V, Kuyper TW, Mäder P, Pulleman M, Sukkel W, van

Groenigen JW, Brussaard L. 2018. Soil quality—a critical review. Soil Biol
Biochem 120:105–125. https://doi.org/10.1016/j.soilbio.2018.01.030.

19. Lehmann J, Bossio DA, Kogel-Knabner I, Rillig MC. 2020. The concept and
future prospects of soil health. Nat Rev Earth Environ 1:544–553. https://
doi.org/10.1038/s43017-020-0080-8.

20. Koranda M, Kaiser C, Fuchslueger L, Kitzler B, Sessitsch A, Zechmeister-
Boltenstern S, Richter A. 2013. Seasonal variation in functional properties
of microbial communities in beech forest soil. Soil Biol Biochem 60:
95–104. https://doi.org/10.1016/j.soilbio.2013.01.025.

21. Lauber CL, Ramirez KS, Aanderud Z, Lennon J, Fierer N. 2013. Temporal
variability in soil microbial communities across land-use types. ISME J 7:
1641–1650. https://doi.org/10.1038/ismej.2013.50.

22. Lacerda-Júnior GV, Noronha MF, Cabral L, Delforno TP, de Sousa STP,
Fernandes-Júnior PI, Melo IS, Oliveira VM. 2019. Land use and seasonal
effects on the soil microbiome of a Brazilian dry forest. Front Microbiol
10:648. https://doi.org/10.3389/fmicb.2019.00648.

23. Ishaq SL, Seipel T, Yeoman CJ, Menalled FD. 2020. Soil bacterial communities
of wheat vary across the growing season and among dryland farming systems.
Geoderma 358:113989. https://doi.org/10.1016/j.geoderma.2019.113989.

24. Zhang N, Xia J, Yu X, Ma K, Wan S. 2011. Soil microbial community changes
and their linkages with ecosystem carbon exchange under asymmetrically
diurnal warming. Soil Biol Biochem 43:2053–2059. https://doi.org/10.1016/j
.soilbio.2011.06.001.

25. Ghimire R, Thapa VR, Cano A, Acosta-Martinez V. 2019. Soil organic mat-
ter and microbial community responses to semiarid croplands and grass-
lands management. Appl Soil Ecol 141:30–37. https://doi.org/10.1016/j
.apsoil.2019.05.002.

26. Sayer EJ, Oliver AE, Fridley JD, Askew AP, Mills RTE, Grime JP. 2017. Links
between soil microbial communities and plant traits in a species-rich
grassland under long-term climate change. Ecol Evol 7:855–862. https://
doi.org/10.1002/ece3.2700.

27. Chaparro JM, Badri DV, Vivanco JM. 2014. Rhizosphere microbiome
assemblage is affected by plant development. ISME J 8:790–803. https://
doi.org/10.1038/ismej.2013.196.

28. Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. 2013.
Going back to the roots: the microbial ecology of the rhizosphere. Nat
Rev Microbiol 11:789–799. https://doi.org/10.1038/nrmicro3109.

29. Peiffer JA, Spor A, Koren O, Jin Z, Tringe SG, Dangl JL, Buckler ES, Ley RE.
2013. Diversity and heritability of the maize rhizosphere microbiome
under field conditions. Proc Natl Acad Sci U S A 110:6548–6553. https://
doi.org/10.1073/pnas.1302837110.

30. Foley JA, Defries R, Asner GP, Barford C, Bonan G, Carpenter SR, Chapin
FS, Coe MT, Daily GC, Gibbs HK, Helkowski JH, Holloway T, Howard EA,
Kucharik CJ, Monfreda C, Patz JA, Prentice IC, Ramankutty N, Snyder PK.
2005. Global consequences of land use. Science 309:570–574. https://doi
.org/10.1126/science.1111772.

31. Kuan HL, Fenwick C, Glover LA, Griffiths BS, Ritz K. 2006. Functional resilience
of microbial communities from perturbed upland grassland soils to further
persistent or transient stresses. Soil Biol Biochem 38:2300–2306. https://doi
.org/10.1016/j.soilbio.2006.02.013.

32. Bérard A, Bouchet T, Sévenier G, Pablo AL, Gros R. 2011. Resilience of soil
microbial communities impacted by severe drought and high tempera-
ture in the context of Mediterranean heat waves. Eur J Soil Biol 47:
333–342. https://doi.org/10.1016/j.ejsobi.2011.08.004.

33. He Z, Gentry TJ, Schadt CW, Wu L, Liebich J, Chong SC, Huang Z, Wu W, Gu
B, Jardine P, Criddle C, Zhou J. 2007. GeoChip: a comprehensive microarray
for investigating biogeochemical, ecological and environmental processes.
ISME J 1:67–77. https://doi.org/10.1038/ismej.2007.2.

34. Van Nostrand JD, Yin H, Wu L, Yuan T, Zhou J. 2016. Hybridization of
environmental microbial community nucleic acids by GeoChip. Methods
Mol Biol 1399:183–196. https://doi.org/10.1007/978-1-4939-3369-3_11.

35. Shi Z, Yin H, Van Nostrand JD, Voordeckers JW, Tu Q, Deng Y, Yuan M,
Zhou A, Zhang P, Xiao N, Ning D, He Z, Wu L, Zhou J. 2019. Functional
gene array-based ultrasensitive and quantitative detection of microbial
populations in complex communities. mSystems 4:e00296-19. https://
doi.org/10.1128/mSystems.00296-19.

Disturbance Gradient Impact on Bacterial Communities mBio

Month YYYY Volume XX Issue XX 10.1128/mbio.03829-21 16

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

0 
M

ay
 2

02
2 

by
 1

29
.1

5.
66

.2
36

.

https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1371/journal.pone.0059497
https://doi.org/10.1046/j.1354-1013.2001.00459.x
https://doi.org/10.1046/j.1354-1013.2001.00459.x
https://doi.org/10.2136/sssaj2001.651118x
https://doi.org/10.1016/j.catena.2004.06.004
https://doi.org/10.1128/mSystems.00783-19
https://doi.org/10.1128/mSystems.00783-19
https://doi.org/10.1038/s41598-018-36867-2
https://doi.org/10.1038/s41598-018-36867-2
https://doi.org/10.1016/0016-7061(95)00072-0
https://doi.org/10.1038/nature03891
https://doi.org/10.1007/s10529-011-0662-0
https://doi.org/10.1007/s10529-011-0662-0
https://doi.org/10.1016/S0038-0717(02)00144-X
https://doi.org/10.1038/s41598-018-30005-8
https://doi.org/10.1038/s41598-018-30005-8
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.2136/sssaj1995.03615995005900060016x
https://doi.org/10.1007/BF00337739
https://doi.org/10.1007/BF00337739
https://doi.org/10.3934/microbiol.2017.2.335
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1016/j.soilbio.2013.01.025
https://doi.org/10.1038/ismej.2013.50
https://doi.org/10.3389/fmicb.2019.00648
https://doi.org/10.1016/j.geoderma.2019.113989
https://doi.org/10.1016/j.soilbio.2011.06.001
https://doi.org/10.1016/j.soilbio.2011.06.001
https://doi.org/10.1016/j.apsoil.2019.05.002
https://doi.org/10.1016/j.apsoil.2019.05.002
https://doi.org/10.1002/ece3.2700
https://doi.org/10.1002/ece3.2700
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
https://doi.org/10.1016/j.soilbio.2006.02.013
https://doi.org/10.1016/j.soilbio.2006.02.013
https://doi.org/10.1016/j.ejsobi.2011.08.004
https://doi.org/10.1038/ismej.2007.2
https://doi.org/10.1007/978-1-4939-3369-3_11
https://doi.org/10.1128/mSystems.00296-19
https://doi.org/10.1128/mSystems.00296-19
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03829-21


36. Wu L, Thompson DK, Li G, Hurt RA, Tiedje JM, Zhou J. 2001. Development
and evaluation of functional gene arrays for detection of selected genes
in the environment. Appl Environ Microbiol 67:5780–5790. https://doi
.org/10.1128/AEM.67.12.5780-5790.2001.

37. Rhee SK, Liu X, Wu L, Chong SC, Wan X, Zhou J. 2004. Detection of genes
involved in biodegradation and biotransformation in microbial commun-
ities by using 50-mer oligonucleotide microarrays. Appl Environ Microbiol
70:4303–4317. https://doi.org/10.1128/AEM.70.7.4303-4317.2004.

38. He Z, Deng Y, Van Nostrand JD, Tu Q, Xu M, Hemme CL, Li X, Wu L,
Gentry TJ, Yin Y, Liebich J, Hazen TC, Zhou J. 2010. GeoChip 3.0 as a
high-throughput tool for analyzing microbial community composition,
structure and functional activity. ISME J 4:1167–1179. https://doi.org/10
.1038/ismej.2010.46.

39. Tu Q, Yu H, He Z, Deng Y, Wu L, Van Nostrand JD, Zhou A, Voordeckers J,
Lee YJ, Qin Y, Hemme CL, Shi Z, Xue K, Yuan T, Wang A, Zhou J. 2014.
GeoChip 4: a functional gene-array-based high-throughput environmen-
tal technology for microbial community analysis. Mol Ecol Resour 14:
914–928. https://doi.org/10.1111/1755-0998.12239.

40. He J-Z, Zheng Y, Chen C-R, He Y-Q, Zhang L-M. 2008. Microbial composition
and diversity of an upland red soil under long-term fertilization treatments
as revealed by culture-dependent and culture-independent approaches. J
Soils Sediments 8:349–358. https://doi.org/10.1007/s11368-008-0025-1.

41. Cong J, Liu X, Lu H, Xu H, Li Y, Deng Y, Li D, Zhang Y. 2015. Analyses of
the influencing factors of soil microbial functional gene diversity in tropi-
cal rainforest based on GeoChip 5.0. Genom Data 5:397–398. https://doi
.org/10.1016/j.gdata.2015.07.010.

42. Guo X, Gao Q, Yuan M, Wang G, Zhou X, Feng J, Shi Z, Hale L, Wu L, Zhou
A, Tian R, Liu F, Wu B, Chen L, Jung CG, Niu S, Li D, Xu X, Jiang L, Escalas
A, Wu L, He Z, Van Nostrand JD, Ning D, Liu X, Yang Y, Schuur EAG,
Konstantinidis KT, Cole JR, Penton CR, Luo Y, Tiedje JM, Zhou J. 2020.
Gene-informed decomposition model predicts lower soil carbon loss
due to persistent microbial adaptation to warming. Nat Commun 11:
4897. https://doi.org/10.1038/s41467-020-18706-z.

43. Hazen TC, Dubinsky EA, DeSantis TZ, Andersen GL, Piceno YM, Singh N,
Jansson JK, Probst A, Borglin SE, Fortney JL, Stringfellow WT, Bill M, Conrad
ME, Tom LM, Chavarria KL, Alusi TR, Lamendella R, Joyner DC, Spier C,
Baelum J, Auer M, Zemla ML, Chakraborty R, Sonnenthal EL, D'Haeseleer P,
Holman HY, Osman S, Lu Z, Van Nostrand JD, Deng Y, Zhou J, Mason OU.
2010. Deep-sea oil plume enriches indigenous oil-degrading bacteria. Sci-
ence 330:204–208. https://doi.org/10.1126/science.1195979.

44. Zhou J, Deng Y, Zhang P, Xue K, Liang Y, Van Nostrand JD, Yang Y, He Z, Wu
L, Stahl DA, Hazen TC, Tiedje JM, Arkin AP. 2014. Stochasticity, succession,
and environmental perturbations in a fluidic ecosystem. Proc Natl Acad Sci
U S A 111:E836–E845. https://doi.org/10.1073/pnas.1324044111.

45. Berthrong ST, Schadt CW, Piñeiro G, Jackson RB. 2009. Afforestation
alters the composition of functional genes in soil and biogeochemical
processes in South American grasslands. Appl Environ Microbiol 75:
6240–6248. https://doi.org/10.1128/AEM.01126-09.

46. Reeve JR, Schadt CW, Carpenter-Boggs L, Kang S, Zhou J, Reganold JP.
2010. Effects of soil type and farm management on soil ecological func-
tional genes and microbial activities. ISME J 4:1099–1107. https://doi
.org/10.1038/ismej.2010.42.

47. Zhou J, Lao Y-M, Song J-T, Jin H, Zhu J-M, Cai Z-H. 2020. Temporal heter-
ogeneity of microbial communities and metabolic activities during a nat-
ural algal bloom. Water Res 183:116020. https://doi.org/10.1016/j.watres
.2020.116020.

48. Dunjó G, Pardini G, Gispert M. 2003. Land use change effects on aban-
doned terraced soils in a Mediterranean catchment, NE Spain. Catena 52:
23–37. https://doi.org/10.1016/S0341-8162(02)00148-0.

49. Liu XB, Zhang XY, Wang YX, Sui YY, Zhang S, Herbert S, Ding G. 2010. Soil
degradation: a problem threatening the sustainable development of
agriculture in Northeast China. Plant Soil Environ 56:87–97. https://doi
.org/10.17221/155/2009-PSE.

50. Johnson MJ, Lee KY, Scow KM. 2003. DNA fingerprinting reveals links
among agricultural crops, soil properties, and the composition of soil mi-
crobial communities. Geoderma 114:279–303. https://doi.org/10.1016/
S0016-7061(03)00045-4.

51. Morrison-Whittle P, Goddard MR. 2015. Quantifying the relative roles of
selective and neutral processes in defining eukaryotic microbial com-
munities. ISME J 9:2003–2011. https://doi.org/10.1038/ismej.2015.18.

52. Fierer N. 2017. Embracing the unknown: disentangling the complexities
of the soil microbiome. Nat Rev Microbiol 15:579–590. https://doi.org/10
.1038/nrmicro.2017.87.

53. Manzoni S, Schimel JP, Porporato A. 2012. Responses of soil microbial
communities to water stress: results from a meta-analysis. Ecology 93:
930–938. https://doi.org/10.1890/11-0026.1.

54. Taketani RG, Lançoni MD, Kavamura VN, Durrer A, Andreote FD, Melo IS.
2017. Dry season constrains bacterial phylogenetic diversity in a semi-
arid rhizosphere system. Microb Ecol 73:153–161. https://doi.org/10
.1007/s00248-016-0835-4.

55. Zhou J, Jiang X, Zhou B, Zhao B, MaM, Guan D, Li J, Chen S, Cao F, Shen D, Qin
J. 2016. Thirty four years of nitrogen fertilization decreases fungal diversity and
alters fungal community composition in black soil in northeast China. Soil Biol
Biochem 95:135–143. https://doi.org/10.1016/j.soilbio.2015.12.012.

56. Wang Q, Jiang X, Guan D, Wei D, Zhao B, Mingchao M, Chen S, Li L, Cao
F, Li J. 2017. Long-term fertilization changes bacterial diversity and bac-
terial communities in the maize rhizosphere of Chinese mollisols. Appl
Soil Ecol 125:88–96. https://doi.org/10.1016/j.apsoil.2017.12.007.

57. Carini P, Marsden PJ, Leff JW, Morgan EE, Strickland MS, Fierer N. 2016. Relic
DNA is abundant in soil and obscures estimates of soil microbial diversity.
Nat Microbiol 2:16242. https://doi.org/10.1038/nmicrobiol.2016.242.

58. Herzog S, Wemheuer F, Wemheuer B, Daniel R. 2015. Effects of fertilization
and sampling time on composition and diversity of entire and active bacte-
rial communities in German grassland soils. PLoS One 10:e0145575. https://
doi.org/10.1371/journal.pone.0145575.

59. Zifcakova L, Vetrovsky T, Howe A, Baldrian P. 2016. Microbial activity in forest
soil reflects the changes in ecosystem properties between summer and win-
ter. EnvironMicrobiol 18:288–301. https://doi.org/10.1111/1462-2920.13026.

60. Kennedy NM, Gleeson DE, Connolly J, Clipson NJW. 2005. Seasonal and
management influences on bacterial community structure in an upland
grassland soil. FEMS Microbiol Ecol 53:329–337. https://doi.org/10.1016/j
.femsec.2005.01.013.

61. Nacke H, Thurmer A, Wollherr A, Will C, Hodac L, Herold N, Schoning I,
Schrumpf M, Daniel R. 2011. Pyrosequencing-based assessment of bac-
terial community structure along different management types in Ger-
man forest and grassland soils. PLoS One 6:e17000. https://doi.org/10
.1371/journal.pone.0017000.

62. Díaz-Zorita M, Duarte GA, Grove JH. 2002. A review of no-till systems and
soil management for sustainable crop production in the subhumid and
semiarid Pampas of Argentina. Soil Tillage Res 65:1–18. https://doi.org/
10.1016/S0167-1987(01)00274-4.

63. Derpsch R, Friedrich T, Kassam A, Hongwen L. 2010. Current status of adop-
tion of no-till farming in the world and some of its main benefits. Int J Agric
Biol Eng https://doi.org/10.3965/j.issn.1934-6344.2010.01.001-025.

64. Sul WJ, Asuming-Brempong S, Wang Q, Tourlousse DM, Penton CR,
Deng Y, Rodrigues JLM, Adiku SGK, Jones JW, Zhou J, Cole JR, Tiedje JM.
2013. Tropical agricultural land management influences on soil microbial
communities through its effect on soil organic carbon. Soil Biol Biochem
65:33–38. https://doi.org/10.1016/j.soilbio.2013.05.007.

65. Cederlund H, Wessén E, Enwall K, Jones CM, Juhanson J, Pell M, Philippot L,
Hallin S. 2014. Soil carbon quality and nitrogen fertilization structure bacte-
rial communities with predictable responses of major bacterial phyla. Appl
Soil Ecol 84:62–68. https://doi.org/10.1016/j.apsoil.2014.06.003.

66. Oliverio AM, Bradford MA, Fierer N. 2017. Identifying the microbial taxa
that consistently respond to soil warming across time and space. Glob
Chang Biol 23:2117–2129. https://doi.org/10.1111/gcb.13557.

67. Serna-Chavez HM, Fierer N, van Bodegom PM. 2013. Global drivers and pat-
terns of microbial abundance in soil. Glob Ecol Biogeogr 22:1162–1172.
https://doi.org/10.1111/geb.12070.

68. Bainard L, Hamel C, Gan Y. 2016. Edaphic properties override the influ-
ence of crops on the composition of the soil bacterial community in a
semiarid agroecosystem. Appl Soil Ecol 105:160–168. https://doi.org/10
.1016/j.apsoil.2016.03.013.

69. Frindte K, Zoche SA, Knief C. 2020. Development of a distinct microbial
community upon first season crop change in soils of long-termmanaged
maize and rice fields. Front Microbiol 11:588198. https://doi.org/10
.3389/fmicb.2020.588198.

70. Torsvik V, Øvreås L. 2002. Microbial diversity and function in soil: from
genes to ecosystems. Curr Opin Microbiol 5:240–245. https://doi.org/10
.1016/s1369-5274(02)00324-7.

71. Tardy V, Mathieu O, Lévêque J, Terrat S, Chabbi A, Lemanceau P, Ranjard L,
Maron PA. 2014. Stability of soil microbial structure and activity depends on
microbial diversity. Environ Microbiol Rep 6:173–183. https://doi.org/10
.1111/1758-2229.12126.

72. Montecchia MS, Tosi M, Soria MA, Vogrig JA, Sydorenko O, Correa OS.
2015. Pyrosequencing reveals changes in soil bacterial communities

Disturbance Gradient Impact on Bacterial Communities mBio

Month YYYY Volume XX Issue XX 10.1128/mbio.03829-21 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

0 
M

ay
 2

02
2 

by
 1

29
.1

5.
66

.2
36

.

https://doi.org/10.1128/AEM.67.12.5780-5790.2001
https://doi.org/10.1128/AEM.67.12.5780-5790.2001
https://doi.org/10.1128/AEM.70.7.4303-4317.2004
https://doi.org/10.1038/ismej.2010.46
https://doi.org/10.1038/ismej.2010.46
https://doi.org/10.1111/1755-0998.12239
https://doi.org/10.1007/s11368-008-0025-1
https://doi.org/10.1016/j.gdata.2015.07.010
https://doi.org/10.1016/j.gdata.2015.07.010
https://doi.org/10.1038/s41467-020-18706-z
https://doi.org/10.1126/science.1195979
https://doi.org/10.1073/pnas.1324044111
https://doi.org/10.1128/AEM.01126-09
https://doi.org/10.1038/ismej.2010.42
https://doi.org/10.1038/ismej.2010.42
https://doi.org/10.1016/j.watres.2020.116020
https://doi.org/10.1016/j.watres.2020.116020
https://doi.org/10.1016/S0341-8162(02)00148-0
https://doi.org/10.17221/155/2009-PSE
https://doi.org/10.17221/155/2009-PSE
https://doi.org/10.1016/S0016-7061(03)00045-4
https://doi.org/10.1016/S0016-7061(03)00045-4
https://doi.org/10.1038/ismej.2015.18
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1890/11-0026.1
https://doi.org/10.1007/s00248-016-0835-4
https://doi.org/10.1007/s00248-016-0835-4
https://doi.org/10.1016/j.soilbio.2015.12.012
https://doi.org/10.1016/j.apsoil.2017.12.007
https://doi.org/10.1038/nmicrobiol.2016.242
https://doi.org/10.1371/journal.pone.0145575
https://doi.org/10.1371/journal.pone.0145575
https://doi.org/10.1111/1462-2920.13026
https://doi.org/10.1016/j.femsec.2005.01.013
https://doi.org/10.1016/j.femsec.2005.01.013
https://doi.org/10.1371/journal.pone.0017000
https://doi.org/10.1371/journal.pone.0017000
https://doi.org/10.1016/S0167-1987(01)00274-4
https://doi.org/10.1016/S0167-1987(01)00274-4
https://doi.org/10.3965/j.issn.1934-6344.2010.01.001-025
https://doi.org/10.1016/j.soilbio.2013.05.007
https://doi.org/10.1016/j.apsoil.2014.06.003
https://doi.org/10.1111/gcb.13557
https://doi.org/10.1111/geb.12070
https://doi.org/10.1016/j.apsoil.2016.03.013
https://doi.org/10.1016/j.apsoil.2016.03.013
https://doi.org/10.3389/fmicb.2020.588198
https://doi.org/10.3389/fmicb.2020.588198
https://doi.org/10.1016/s1369-5274(02)00324-7
https://doi.org/10.1016/s1369-5274(02)00324-7
https://doi.org/10.1111/1758-2229.12126
https://doi.org/10.1111/1758-2229.12126
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03829-21


after conversion of Yungas forests to agriculture. PLoS One 10:e0119426.
https://doi.org/10.1371/journal.pone.0119426.

73. Fierer N, Ladau J, Clemente JC, Leff JW, Owens SM, Pollard KS, Knight R,
Gilbert JA, McCulley RL. 2013. Reconstructing the microbial diversity and
function of pre-agricultural tallgrass prairie soils in the United States. Sci-
ence 342:621–624. https://doi.org/10.1126/science.1243768.

74. Fitter AH, Gilligan CA, Hollingworth K, Kleczkowski A, Twyman RM,
Pitchford JW, The Members of The Nerc Soil Biodiversity Programme.
2005. Biodiversity and ecosystem function in soil. Funct Ecol 19:369–377.
https://doi.org/10.1111/j.0269-8463.2005.00969.x.

75. Rodrigues JLM, Pellizari VH, Mueller R, Baek K, Jesus EC, Paula FS, Mirza B,
Hamaoui GS, Tsai SM, Feigl B, Tiedje JM, Bohannan BJM, Nüsslein K.
2013. Conversion of the Amazon rainforest to agriculture results in biotic
homogenization of soil bacterial communities. Proc Natl Acad Sci U S A
110:988–993. https://doi.org/10.1073/pnas.1220608110.

76. Hewitt J, Thrush S, Lohrer A, Townsend M. 2010. A latent threat to biodi-
versity: consequences of small-scale heterogeneity loss. Biodivers Con-
serv 19:1315–1323. https://doi.org/10.1007/s10531-009-9763-7.

77. Wang H, Li X, Li X, Wang J, Li X, Guo Q, Yu Z, Yang T, Zhang H. 2020. Long-
term no-tillage and different residue amounts alter soil microbial commu-
nity composition and increase the risk of maize root rot in northeast China.
Soil Tillage Res 196:104452. https://doi.org/10.1016/j.still.2019.104452.

78. Le Guillou C, Chemidlin Prévost-Bouré N, Karimi B, Akkal-Corfini N, Dequiedt
S, Nowak V, Terrat S, Menasseri-Aubry S, Viaud V, Maron PA, Ranjard L. 2019.
Tillage intensity and pasture in rotation effectively shape soil microbial com-
munities at a landscape scale. Microbiologyopen 8:e00676. https://doi.org/
10.1002/mbo3.676.

79. Degrune F, Theodorakopoulos N, Colinet G, Hiel M-P, Bodson B, Taminiau B,
Daube G, Vandenbol M, Hartmann M. 2017. Temporal dynamics of soil mi-
crobial communities below the seedbed under two contrasting tillage
regimes. Front Microbiol 8:1127. https://doi.org/10.3389/fmicb.2017.01127.

80. Chernov TI, Zhelezova AD. 2020. The dynamics of soil microbial com-
munities on different timescales: a review. Eurasian Soil Sci 53:643–652.
https://doi.org/10.1134/S106422932005004X.

81. Thomson BC, Tisserant E, Plassart P, Uroz S, Griffiths RI, Hannula SE, Buée
M, Mougel C, Ranjard L, Van Veen JA, Martin F, Bailey MJ, Lemanceau P.
2015. Soil conditions and land use intensification effects on soil micro-
bial communities across a range of European field sites. Soil Biol Bio-
chem 88:403–413. https://doi.org/10.1016/j.soilbio.2015.06.012.

82. Liu Z, Fu B, Zheng X, Liu G. 2010. Plant biomass, soil water content and
soil N:P ratio regulating soil microbial functional diversity in a temperate
steppe: a regional scale study. Soil Biol Biochem 42:445–450. https://doi
.org/10.1016/j.soilbio.2015.06.012.

83. Weaver JE, Rowland NW. 1952. Effects of excessive natural mulch on de-
velopment, yield, and structure of native grassland. Bot Gazette 114:
1–19. https://doi.org/10.1086/335741.

84. Peterson BL, Hanna L, Steiner JL. 2019. Reduced soil disturbance: positive
effects on greenhouse gas efflux and soil N losses in winter wheat sys-
tems of the Southern Plains. Soil Tillage Res 191:317–326. https://doi
.org/10.1016/j.still.2019.03.020.

85. Frey SD, Elliott ET, Paustian K. 1999. Bacterial and fungal abundance and
biomass in conventional and no-tillage agroecosystems along two cli-
matic gradients. Soil Biol Biochem 31:573–585. https://doi.org/10.1016/
S0038-0717(98)00161-8.

86. Cheneby D, Brauman A, Rabary B, Philippot L. 2009. Differential
responses of nitrate reducer community size, structure, and activity to
tillage systems. Appl Environ Microbiol 75:3180–3186. https://doi.org/10
.1128/AEM.02338-08.

87. Hallin S, Jones CM, Schloter M, Philippot L. 2009. Relationship between N-cy-
cling communities and ecosystem functioning in a 50-year-old fertilization
experiment. ISME J 3:597–605. https://doi.org/10.1038/ismej.2008.128.

88. Kleinman PJA, Spiegal S, Rigby JR, Goslee SC, Baker JM, Bestelmeyer BT,
Boughton RK, Bryant RB, Cavigelli MA, Derner JD, Duncan EW, Goodrich DC,
Huggins DR, King KW, Liebig MA, Locke MA, Mirsky SB, Moglen GE,
Moorman TB, Pierson FB, Robertson GP, Sadler EJ, Shortle JS, Steiner JL,
Strickland TC, Swain HM, Tsegaye T, Williams MR, Walthall CL. 2018. Advanc-
ing the sustainability of US agriculture through long-term research. J Envi-
ron Qual 47:1412–1425. https://doi.org/10.2134/jeq2018.05.0171.

89. Spiegal S, Bestelmeyer B, Archer D, Augustine D, Boughton E, Boughton R,
Cavigelli M, Clark P, Derner J, Duncan E, Hapeman C, Harmel R, Heilman P,
Holly M, Huggins D, King K, Kleinman P, Liebig M, Locke M, Walthall C. 2018.
Evaluating strategies for sustainable intensification of US agriculture
through the Long-Term Agroecosystem Research Network. Environ Res Lett
13:e034031. https://doi.org/10.1088/1748-9326/aaa779.

90. Bajgain R, Xiao X, Basara J, Wagle P, Zhou Y, Mahan H, Gowda P, McCarthy
HR, Northup B, Neel J, Steiner J. 2018. Carbon dioxide and water vapor
fluxes in winter wheat and tallgrass prairie in central Oklahoma. Sci Total En-
viron 644:1511–1524. https://doi.org/10.1016/j.scitotenv.2018.07.010.

91. Peterson BL, Starks P, Sadowsky C, Scott T. 2018. Using canopy hyperspec-
tral reflectance to predict root biomass carbon and nitrogen content. Envi-
ron Nat Resources Res 8:84–93. https://doi.org/10.5539/enrr.v8n1p84.

92. Fischer ML, Torn MS, Billesbach DP, Doyle G, Northup B, Biraud SC. 2012.
Carbon, water, and heat flux responses to experimental burning and
drought in a tallgrass prairie. Agric Forest Meteorol 166-167:169–174.
https://doi.org/10.1016/j.agrformet.2012.07.011.

93. Peterson BL, Starks PJ, Steiner JL. 2021. Seasonal greenhouse gases fluxes
frommonoculture and mixed native grasslands in the Southern Plains, USA.
Agrosyst Geosc Environ 4:e20227. https://doi.org/10.1002/agg2.20227.

94. Zhou Y, Xiao X, Wagle P, Bajgain R, Mahan H, Basara J, Dong J, Qin Y, Zhang
G, Lou Y, Gowda P, Neel J, Starks P, Steiner J. 2017. Examining the short-
term impacts of diversemanagement practices on plant phenology and car-
bon fluxes of Old World bluestems pasture. Agric Forest Meteorol 237-238:
60–70. https://doi.org/10.1016/j.agrformet.2017.01.018.

95. Wagle P, Xiao X, Gowda P, Basara J, Brunsell N, Steiner J, Kc A. 2017. Anal-
ysis and estimation of tallgrass prairie evapotranspiration in the central
United States. Agric Forest Meteorol 232:35–47. https://doi.org/10.1016/
j.agrformet.2016.08.005.

96. Wagle P, Gowda PH, Manjunatha P, Northup BK, Rocateli AC, Taghvaeian
S. 2019. Carbon and water dynamics in co-located winter wheat and can-
ola fields in the U.S. Southern Great Plains. Agric Forest Meteorol 279:
107714. https://doi.org/10.1016/j.agrformet.2019.107714.

97. Herbold CW, Pelikan C, Kuzyk O, Hausmann B, Angel R, Berry D, Loy A.
2015. A flexible and economical barcoding approach for highly multi-
plexed amplicon sequencing of diverse target genes. Front Microbiol 6:
731. https://doi.org/10.3389/fmicb.2015.00731.

98. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glöckner
FO. 2013. Evaluation of general 16S ribosomal RNA gene PCR primers for
classical and next-generation sequencing-based diversity studies.
Nucleic Acids Res 41:e1. https://doi.org/10.1093/nar/gks808.

99. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights
D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M,
Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko
T, Zaneveld J, Knight R. 2010. QIIME allows analysis of high-throughput
community sequencing data. Nat Methods 7:335–336. https://doi.org/10
.1038/nmeth.f.303.

100. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O’Hara RB,
Simpson G, Solymos P, Stevenes MHH, Wagner H. 2019. Vegan: Commu-
nity Ecology Package. R package version 2.5-6. https://CRAN.R-project
.org/package=vegan.

101. R Core Team. 2020. R: a language and environment for statistical com-
puting. https://www.R-project.org/.

102. Wheeler B, Torchiano M. 2016. lmPern: Permutation Tests for Linear
Models. R package version 2.1.0. https://rdrr.io/cran/lmPerm/.

103. Ning D, Yuan M, Wu L, Zhang Y, Guo X, Zhou X, Yang Y, Arkin AP, Firestone
MK, Zhou J. 2020. A quantitative framework reveals ecological drivers of
grassland microbial community assembly in response to warming. Nat
Commun 11:4717. https://doi.org/10.1038/s41467-020-18560-z.

104. He Z, Piceno Y, Deng Y, Xu M, Lu Z, DeSantis T, Andersen G, Hobbie SE,
Reich PB, Zhou J. 2012. The phylogenetic composition and structure of
soil microbial communities shifts in response to elevated carbon diox-
ide. ISME J 6:259–272. https://doi.org/10.1038/ismej.2011.99.

105. Liang Y, Wu L, Clark IM, Xue K, Yang Y, Van Nostrand JD, Deng Y, He Z,
McGrath S, Storkey J, Hirsch PR, Sun B, Zhou J. 2015. Over 150 years of
long-term fertilization alters spatial scaling of microbial biodiversity.
mBio 6:e00240-15. https://doi.org/10.1128/mBio.00240-15.

Disturbance Gradient Impact on Bacterial Communities mBio

Month YYYY Volume XX Issue XX 10.1128/mbio.03829-21 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

0 
M

ay
 2

02
2 

by
 1

29
.1

5.
66

.2
36

.

https://doi.org/10.1371/journal.pone.0119426
https://doi.org/10.1126/science.1243768
https://doi.org/10.1111/j.0269-8463.2005.00969.x
https://doi.org/10.1073/pnas.1220608110
https://doi.org/10.1007/s10531-009-9763-7
https://doi.org/10.1016/j.still.2019.104452
https://doi.org/10.1002/mbo3.676
https://doi.org/10.1002/mbo3.676
https://doi.org/10.3389/fmicb.2017.01127
https://doi.org/10.1134/S106422932005004X
https://doi.org/10.1016/j.soilbio.2015.06.012
https://doi.org/10.1016/j.soilbio.2015.06.012
https://doi.org/10.1016/j.soilbio.2015.06.012
https://doi.org/10.1086/335741
https://doi.org/10.1016/j.still.2019.03.020
https://doi.org/10.1016/j.still.2019.03.020
https://doi.org/10.1016/S0038-0717(98)00161-8
https://doi.org/10.1016/S0038-0717(98)00161-8
https://doi.org/10.1128/AEM.02338-08
https://doi.org/10.1128/AEM.02338-08
https://doi.org/10.1038/ismej.2008.128
https://doi.org/10.2134/jeq2018.05.0171
https://doi.org/10.1088/1748-9326/aaa779
https://doi.org/10.1016/j.scitotenv.2018.07.010
https://doi.org/10.5539/enrr.v8n1p84
https://doi.org/10.1016/j.agrformet.2012.07.011
https://doi.org/10.1002/agg2.20227
https://doi.org/10.1016/j.agrformet.2017.01.018
https://doi.org/10.1016/j.agrformet.2016.08.005
https://doi.org/10.1016/j.agrformet.2016.08.005
https://doi.org/10.1016/j.agrformet.2019.107714
https://doi.org/10.3389/fmicb.2015.00731
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://www.R-project.org/
https://rdrr.io/cran/lmPerm/
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1038/ismej.2011.99
https://doi.org/10.1128/mBio.00240-15
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03829-21

	RESULTS
	Changes in soil and environmental variables across land use and management gradient.
	Impact of land use and seasonality on soil bacterial communities.
	Responses of soil bacterial community composition across the land use gradient.
	Effect of soil and environmental factors on soil bacterial diversity.
	Functional community differences between tilled cropland and native prairie.
	Links between structural and functional community types in tilled cropland and native prairie.

	DISCUSSION
	Impact of land use and seasonality on soil properties.
	Impacts of land use and seasonality on soil bacterial diversity.
	Impacts of land use and seasonality on soil bacterial community composition.
	Conclusions.

	MATERIALS AND METHODS
	Site description and field sampling.
	Soil properties and climate data.
	Soil DNA extraction, PCR amplification, and sequencing.
	Sequence analyses.
	Functional gene array.
	Statistical analyses.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

