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Abstract: Agricultural management decisions on factors such as tillage, fertilization, and cropping
system determine the fate of much of the world’s soils, and soil microbes both mediate and respond
to these changes. However, relationships between management practices and soil microbial prop-
erties are poorly understood, especially in semiarid regions. To address this knowledge gap, we
reviewed research papers published between 2000 and 2020 that analyzed soil microorganisms in
semiarid wheat fields. We aimed to determine if and how soil microbial properties reliably respond
to management, and how these properties indicate long-term changes in soil health, carbon (C)
sequestration, and crop yield. We found that reducing tillage increases microbial activity as much as
50% in upper soil layers and stratifies both bacteria and fungi by depth. Higher cropping intensity
(reduced fallow) increases C storage, microbial activity, and biomass, and particularly fungal biomass,
which can be three times greater under continuous wheat than wheat-fallow. Chemical and organic
fertilizers both increase bacterial biomass, though only organic inputs provide lasting benefits by
promoting C storage and increasing fungal as well as bacterial biomass. We found microbial prop-
erties to be sensitive indicators of long-term changes in soil health and productivity, and formed
recommendations on appropriate sampling, analysis, and interpretation of microbial data depending
on the system studied.

Keywords: bacteria; fungi; semiarid; SOC; soil health; soil microbiota; sustainable intensifica-
tion; wheat

1. Introduction

Semiarid grain agriculture represents our most important crops in our most vulnerable
landscapes and must respond to the dual pressures of climate change and population
growth. Cereal grains make up the majority of world cropland and fertilizer use. Wheat
in particular accounts for one-fifth of the global food supply, and demand is expected to
increase 31% by 2050 [1-3]. Marginal lands (arid and semiarid) account for 36% of global
agriculture and support about one-third of the world’s population [4]. More marginal land
will come under cultivation as the world population grows, despite the fact that nearly
one-third of the world’s arable land has already been lost to erosion due to unsustainable
farming practices [2,5]. Wheat agroecosystems are especially vulnerable to a changing
climate; about half of wheat is produced in semiarid climates, and yields are expected to
decline 5-6% per 1 °C temperature rise [6-8]. Degraded soils create a cycle of rising input
expenses, decreasing yields, and eventual farmland abandonment that pushes farmers and
researchers to search for regenerative options.

Soil microorganisms are critical for sustainable and resilient food production. These
organisms regulate plant growth, nutrient availability, erosion, water infiltration and
retention, and carbon (C) cycling [9-13]. Soils with abundant and diverse microbial life can
better adapt to variable conditions including flood and drought, creating food systems that
are resilient in the face of climate change [2,14,15]. Since soil structure and composition can
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take years or decades to change in semiarid climates, identifying soil microbial properties
that indicate longer-term soil health improvement can guide efforts to protect soils and
feed a growing population [16,17].

In order to determine how management practices in semiarid wheat agriculture impact
the soil microbial community, we reviewed the literature for studies measuring the effects
of different practices on direct measures of the microbial community (e.g., soil microbial
abundance, diversity, and activity). We did not consider measures of microbially mediated
processes (e.g., soil respiration and carbon mineralization), which are more difficult to
interpret [16]. We determined if and how soil microbial properties reliably respond to
management changes in semiarid wheat agriculture and addressed the following questions:
(1) Are there management practices that consistently support microbial soil health in
semiarid wheat agriculture? and (2) How can microbial analyses be used to indicate trends
in soil health and crop yield? We organized our findings into sections based on whether
management involved changes in tillage, fertilization, or cropping system. Lastly, we
included recommendations on which microbial analyses and sampling methods are best
suited to detect soil health change in different systems. Understanding how microbial
properties indicate and respond to changing soil health can guide efforts to sustain these
climate-sensitive agricultural regions.

2. Methods

In July 2020, we performed a Web of Knowledge v5.35 search across all databases
using the search terms: (micro * OR bacter * OR fung *) AND (semi$arid OR dryland)
AND (soil) AND (farm OR agriculture) AND (manage * OR compost OR cover crop * OR
till * OR crop rotat * OR polyculture) AND (wheat) over the years 2000-2020. This search
returned 460 results, which were pruned based on the following criteria: (1) compared at
least two non-irrigated wheat fields in close proximity to each other under different man-
agement strategies, (2) collected at least one direct measure of the soil microbial community
(excluding microbial pathogen data), and (3) occurred in areas with 250-600 mm average
annual precipitation (excluding Mediterranean climates, where mild, wet winters create
distinctive plant growth and soil characteristics). Areas with >500 mm precipitation may
still be considered semiarid if potential evapotranspiration is more than double precipita-
tion [18], and therefore we included studies up to 600 mm precipitation that self-identified
as semiarid or dryland. For every study we collected information on management type,
duration of management type, country, sampling depth, and types of microbial analyses
(Supplemental Table S1).

3. Results and Discussion

The 460 resulting studies from the Web of Knowledge search were narrowed to
57 based on the three criteria. Studies were distributed over seven countries with most
studies taking place in the US and China (Figure 1). Similar numbers of studies fell into
each of the three management categories, but there was an uneven distribution of man-
agement based on country. Management systems had been established for a median of
8 years, ranging from 4 months to 37 years. Microbial biomass was the most common
microbial measurement, and was mostly measured by chloroform fumigation, substrate-
induced respiration, or phospholipid fatty acid analysis (PLFA) (Figure 2). PLFA also
provided data on microbial community composition and fungi:bacteria ratio (F:B). Micro-
bial activity was mostly measured by enzyme analysis. Further information is included in
Supplemental Table S1.

3.1. Tillage and Residue Management

The reviewed papers included studies on no-till, changes in tillage frequency or inten-
sity, crop stubble management, and plastic film mulching. No-till agriculture has expanded
rapidly in recent decades as a way to improve soil health and reduce erosion. Research
has found that reducing tillage in wheat systems can support soil microbes, sequester C,
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build soil structure, reduce vulnerability to drought, and increase profits [19-21]. No-till
is especially important in wheat-fallow systems, where conventionally tilled land erodes
5-10 times faster than no-till and 100 times faster than the rate of soil formation [2,22].
Intensively tilled Wyoming wheat—fallow systems have lost 63% of their native soil organic
carbon (SOC) [23].
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Figure 1. Number of reviewed studies by management type and country.
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Figure 2. Number of reviewed studies by management type and type of microbial analysis. Many
studies included more than one type of management strategy and/or microbial analysis. Only the
most common analyses are shown. Other fungal analysis includes arbuscular mycorrhizal fungi
(AMF) root colonization, glomalin extraction, and enzyme-linked immunosorbent assay (ELISA).
PLFA stands for phospholipid fatty acid analysis.

Reducing tillage in semiarid wheat tended to increase microbial abundance near the
soil surface [24-35]. Rhizosphere communities were affected less than bulk soil communi-
ties [36], though tillage can still significantly change rhizosphere bacterial diversity and
composition [37]. One study in particular found that conversion to no-till increased the
activities of four enzymes, microbial biomass carbon and nitrogen (MBC and MBN) (from
211 to 297 mg/g and 12 to 19 mg/g, respectively), and SOC (from 7.2 to 9.0 g/kg) in the
0-10 cm soil layer after 15 years, which may have been related to the observed 20% increase
in wheat yield [29]. In contrast, Bissett et al. [38] found no evidence of major benefits after
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20 years of no-till on microbial biomass or enzyme activity, possibly because of functional
redundancy in the microbial community or because samples were taken too deep (0-15 cm)
and masked changes closer to the soil surface. Additionally, higher microbial activity or
biomass does not always indicate improved soil health, since disturbance can promote
mineralization of stored SOC and increase microbial properties in the short-term [39]. For
example, Sainju et al. [27] found that reduced tillage decreased estimated nitrogen (N)
losses, residue N mineralization, and MBN at 0-20 cm.

Untilled fields better retained moisture and regulated temperature [40], which benefits
soil microorganisms. Leaving crop stubble on the soil surface further insulates the soil and
is therefore particularly important for microbial benefits, according to several studies in
Northwest China and Ethiopia [30,33-35]. Compared to straw removal or burning, straw
mulching increased MBC and enzyme activities [41-45]. However, yield effects varied;
straw decomposition immobilizes N, and these systems therefore require N-rich fertilizers
for optimal plant growth. Two studies in China found that plastic film mulching (growing
crops through holes in a thin sheet of plastic covering the soil) can increase soil bacterial
diversity and arbuscular mycorrhizal fungi (AMF) colonization of wheat, most likely due
to increased soil moisture and temperature, but this practice may decrease SOC [46,47].

Reducing tillage also promoted stratification of microorganisms by depth. Studies
that sampled multiple depths found that no-till benefits to MBC, MBN, SOC, enzymes, and
nutrients (compared with tilled fields) did not extend below 10 or 15 cm even after up to
22 years, and many found that effects were most apparent at 0-5 cm [28-32]. This data
leaves questions as to how no-till affects overall C sequestration throughout the soil profile.
However, two Mediterranean wheat studies suggest that stratification of both microbial
activity and stored C in no-till wheat indicates improved soil quality, since surface SOC is
essential to soil functions including erosion control, conservation of nutrients, and water
infiltration [48,49].

Fungi also stratify by depth in no-till fields, but they may take many years to respond
to changes in tillage practices [50]. After four years, Schlatter et al. [51,52] found only weak
effects of tillage on fungal or bacterial community composition or diversity. After 12 years,
Caesar-TonThat et al. [53] found that tillage reduced fungal glomalin and soil aggregation.
Sharma-Poudyal et al. [54] found higher fungal abundance, richness, and diversity with
no-till, though a large proportion of fungal groups were not affected by tillage and may act
as niche generalists that can feed on both intact and tilled decaying matter. Based on an
irrigated wheat study, Sun et al. [55] suggest that tillage affects fungal communities more
than bacterial.

3.2. Cropping Systems

Use of different cropping systems was the least studied management practice in
semiarid wheat fields, and included studies on cropping intensity (fallow frequency), cover
cropping, and/or crop rotation. In semiarid regions, wheat systems often include a year of
fallow between crops, which allows accumulation of soil water and reduces crop failure
due to drought. However, maintaining fallow requires heavy tillage or herbicide use and
inefficiently stores water. Only as little as 20% of precipitation during fallow periods is held
for later crop use, while the rest is lost to evaporation and runoff [56,57]. Fallow periods
also deplete SOC and have a high potential for erosion [56,58].

The reviewed studies found that increased cropping intensity consistently increased
soil microbial biomass and activity, particularly of fungi. Six studies found that reducing
fallow frequency or growing cover crops in wheat—fallow systems increased microbial
activity and labile C pools, especially in no-till systems [59-62]. Two of these studies
found that including fallow every third year (instead of every other) increased MBC,
MBN, enzyme activities, and F:B, and in drier areas, may provide as many benefits as
eliminating fallow entirely [63,64]. Most convincingly, Rosenzweig et al. [65] compared
96 dryland no-till wheat fields in the semiarid Great Plains and found that increased
cropping intensity was associated with higher SOC, aggregate stability, F:B, and fungal
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biomass, and that these effects were robust across variable climates, management histories,
and soil types. In continuous rotations compared with wheat-fallow, SOC increased 17%
(from 1.09% to 1.28%), microbial biomass (based on PLFA) increased 35%, fungal biomass
tripled (from 8 to 24 ng/g), and aggregate stability doubled. Their analyses demonstrate
that reducing fallow can meaningfully improve soil health in these systems by supporting
fungi, which enhance soil aggregation and therefore protect SOC from decomposition.

Most cover crop and crop rotation research in semiarid wheat has focused on incor-
porating legumes, which build soil N and increase microbial activity, especially when
cropping intensity also increases. Rotating wheat with a legume can increase MBC and
other labile C pools, C use efficiency, enzyme activity, and especially MBN [66-68]. One
study in particular found roughly a doubling of microbial responses, including bacteria
number, enzyme activities, fungal biomass, MBC and MBN after six years of replacing
fallow with a legume; MBC and MBN increased from 242 to 407 mg/kg and from 33.7 to
64.5 mg/g, respectively [69]. Molecular studies found that legumes can modify the rhizo-
sphere community in a subsequent wheat crop and increase specific growth-promoting
microbes. These effects were probably due to increased N availability, and depended on ad-
equate moisture [70-72]. Legumes do not seem to affect AMF colonization in a subsequent
wheat crop, and may instead host a different community of AMF [73]. A single legume
crop can increase soil nutrients and wheat yields for at least 34 years in semiarid climates,
unlike in wetter climates where effects may persist less than a year [73,74].

Wheat agriculture often displaces semiarid grassland ecosystems that support ex-
ceptionally high SOC and microbial activity, encouraging researchers to search for crops
that mimic perennial prairie [23,75,76]. Notably, the bacterial-based soil food webs under
wheat agriculture are less resistant or adaptable to climate change and drought than the
fungal-based soil food webs under grasslands [75]. Kernza, a perennial alternative to
wheat harvested from a cultivar of intermediate wheatgrass, has been under development
for several decades, and is currently grown on 2025 acres across the US [77]. Perennial
crops such as Kernza hold promise for drastically reducing soil disturbance and fallow in
wheat agroecosystems.

3.3. Fertilization and Amendment

The reviewed studies looked at both chemical fertilizers (mainly N and P fertilizers)
and organic matter amendments (mainly compost, manure, straw mulch, and biosolids).
Though fertilization is not always cost-effective for semiarid wheat due to low potential
yield, it is still common. Organic matter amendments, frequently used in certified organic
systems, consistently support soil microbes and SOC accumulation, but their viability
depends on fluctuating price premiums for organic wheat [78].

The soil bacterial community is mainly driven by nutrient status and is especially in-
fluenced by chemical fertilizers. Chemical N fertilizers increased SOC, MBC, MBN, and soil
bacterial diversity, and altered soil bacterial community structure [61,79,80], with N-cycling
microbes increasing disproportionately [79]. In N-limited environments, fertilization in-
creases bacteria more than fungi, lowering C:N and F:B [81,82]. However, competition
between plants and microbes may offset fertilizer’s effects on microbes [83]. For example,
Hamel et al. [83] found that reducing fertilizer inputs did not affect microbial biomass or
most fatty acid methyl ester (FAME) biomarkers, possibly because lower plant growth
correlated with higher soil moisture. DNA sequencing studies on wheat in other climates
have found that N fertilizer application reduces N-fixing bacteria and alters N-fixer com-
munity structure [84,85]. Similarly, a semiarid wheat study found more N-fixing genera in
unfertilized organic plots than in fertilized or grazed plots [86].

Organic matter inputs significantly influence fungi as well as bacteria and have long-
lasting effects in semiarid environments where decomposition is slow. Manure increased
microbial biomass and activity and soil AMF biomarkers compared with unfertilized
plots or plots with chemical fertilizers applied at the same nutrient rate [82,87]. Compost
and manure can increase fungal and bacterial abundance, enzyme activity, and SOC, and
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alter fungal community structure [87-89]. In drier environments, effects may persist even
16 years after a one-time application of compost [89]. Biosolids can increase MBC, MBN,
microbial diversity, F:B, and SOC, and shift fungal community composition, and these
effects can persist years after application [51,90,91]. Zhao et al. [45] found that straw mulch
had larger effects on MBC and soil structure, while manure had larger effects on SOC. A
combination of manure or chemical fertilizer with straw can improve SOC, MBC, enzyme
activity, AMF spore density, glomalin, and AMF diversity [45,92].

3.4. Microbes as Sensitive Indicators

Microbial properties reliably respond to management changes in semiarid wheat agri-
culture and are predictive of long-term changes in soil health and crop yield. The reviewed
studies frequently found that microbial analyses predicted other changes in soil health such
as SOC, aggregation, and sometimes yield often years before these changes were directly
significant. Microbial properties that most reliably indicated soil health change in the
reviewed studies include microbial biomass, fungal biomass, and F:B (generally by PLFA),
enzyme activity, and glomalin concentration. Indicators such as microbial biomass and
enzyme activities were able to discriminate among management systems before changes in
SOC were detectable and have been called an “early warning system” [29,64]. Microbial
community structure and diversity, while sensitive to management, is not easily inter-
pretable, as there is no “ideal” soil microbial community [16,93]. Bierderbeck et al. [69]
found that bacteria count and arylsulfatase activity were the most sensitive microbial indi-
cators between cropping systems (wheat—fallow or wheat-legume), though all microbial
indicators measured showed significant difference after six years and were more sensitive
than physical and chemical soil properties. Araya et al. [33] found higher MBC after only a
year of conservation tillage, despite the fact that no other assessed soil chemical parameter
was significantly different between systems, and two years before significant yield improve-
ment. Rosenzweig et al. [65] found that fungal biomass and F:B were sensitive indicators
of cropping system change and C storage, as small SOC increases correlated with larger
increases in fungi. These indicators are especially important in semiarid regions, where
soil properties can take a decade or longer to respond to changes in management [17,20].

3.5. Recommendations for Sampling and Analyses

Though microbial properties respond to changes in management, choosing the ap-
propriate property to analyze and deciding how to interpret change is challenging, and
depends on the system studied. Changes in tillage, fertilization, and cropping system affect
microbial properties in different ways and require different sampling methods (Table 1).
Management systems may only affect some soil layers, microbial groups, or time periods,
and not all microbial properties indicate soil health improvement. Though microbial prop-
erties are responsive, they may vary as much or more among seasons or years as among
management systems, especially when soil moisture or temperature vary [38,46,83,86,92].
Therefore, whenever possible, microbial indicators should be considered in relation to a
nearby reference system considered “healthy” based on the research objectives.

Long-term experiments or experiments concerning land use change can focus on
fungal properties (using methods such as PLFA, glomalin extraction, or analysis of AMF
root colonization) as more reliable soil health indicators or when SOC is particularly
relevant, whereas experiments less than five years or based on soil nutrient differences
should rely on bacterial indicators and labile C pools.

In general, soil fungal communities are much more stable over time than bacterial
communities, which can change drastically across seasons [94]. Fungi can protect organic
matter from decomposition by enhancing aggregation and may more accurately indicate
SOC accrual due to cropping system change [65,95]. Vries and Wallenstein have suggested
that fungal hyphae are crucial for maintaining an adaptable, resilient rhizosphere by
connecting it to the bulk soil network [13]. Studies on both dryland and irrigated wheat,
as well as semiarid grassland, have shown that bacteria and enzyme activities are more
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sensitive to fertilization, while fungi are more sensitive to plant community and growth
and to SOC [82,94,96,97].

Table 1. Sampling recommendations for the different management systems reviewed in this paper.

Study Type Sampling Recommendation

Sample at multiple depths to detect changes in microbial
stratification. Changes in tillage may only affect surface (0-5,
10, or 15 cm) soil layers, or may affect stratification but not
overall microbial abundance or activity.

Tillage and Residue Management

Analyze fungi for a more reliable indicator of increasing soil
organic carbon (SOC). Fungi are more sensitive to plant
dynamics than bacteria and mediate increases in SOC due to
changes in cropping.

Monitor soil moisture, as increased cropping intensity may not
have the desired effect if soil water is depleted.

Cropping System

Analyze fungi and bacteria separately. Bacteria are more
sensitive to nutrient status than fungi, but a brief abundance in
N-cycling bacteria and reduction in F:B does not indicate
long-term soil health improvement.

Fertilization and Amendment

Avoid sampling immediately after a disturbance that may
cause a short-term spikes in microbial activity, such as
fertilization or tillage.
Whenever possible, microbial properties should be considered
in relation to a nearby reference system considered “healthy”
based on the research objectives, to account for seasonal and
General year-to-year variations in microbial activity due to short-term
changes in soil moisture or other factors.
Longer-term experiments or when SOC change is particularly
relevant may choose to focus on fungal properties as more
reliable, stable soil health indicators, whereas experiments less
than five years or based mostly on soil nutrient differences may
need to rely on bacterial properties and labile C pools.

4. Conclusions
4.1. Summary of Findings

Reduced tillage, increased cropping intensity, and organic matter inputs consistently
support soil microbial health. In addition to preventing the loss of microbe-rich topsoil
through erosion, reducing tillage increases microbial biomass and activity in the top 10 or
15 cm, in part due to better temperature and moisture regulation in untilled soil, and also
by stratifying both bacteria and fungi by depth. Fungi may be a more accurate indicator of
soil health change than bacteria, but require longer to recover after transition to no-till.

Increased cropping intensity (reduced fallow) improves SOC, microbial activity, and
fungi. Moreover, fungi are particularly reliable indicators of increasing C storage due to
changes in cropping system. Legumes, particularly when they replace fallow, increase
microbial activity and especially microbial groups associated with N fixation and cycling.
These effects can last several years, likely due to higher soil nutrients.

Fertilizers generally increase bacterial activity and can lower F:B in N-limited envi-
ronments. However, organic matter inputs also provide long-term benefit to soil health by
increasing SOC and fungal as well as bacterial biomass. The impact of organic fertilizers on
microbial activity is long-lasting in semiarid environments where decomposition is slow.
Straw mulching is a good option for improving microbial soil health if combined with an
N-rich fertilizer.

Microbial properties can be used to reliably indicate soil health change in semiarid
wheat agroecosystems, as long as the sampling methods, analyses, and interpretations are
appropriate for the system studied. Recommendations for which analyses to use and how
to interpret them are summarized in Table 1.
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4.2. Future Research

Numerous microbial properties are sensitive to change, but there are still gaps in
guidelines as to how analyses indicate long-term change in different systems. Future
research can address that gap with long-term agricultural experiments that link short-term
microbial change to long-term yield and SOC change. Overall, we hope that clarifying our
understanding of soil microbes in semiarid grain agriculture will produce insights that can
guide farmers and researchers in sustaining the agricultural productivity of these regions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11050852/s1, Table S1: Information on country, management practices studied,
microbial analysis, duration, and sampling depth for each study included in the review.
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