iIScience

The soil microbiome: An
essential, but neglected, component
of regenerative agroecosystems

Syrie M. Hermans," Gavin Lear,” Bradley S. Case,' and Hannah L. Buckley'*

SUMMARY

Regenerative agriculture (RA) is gaining traction globally as an approach for
meeting growing food demands while avoiding, or even remediating, the detri-
mental environmental consequences associated with conventional farming. Mo-
mentum is building for science to provide evidence for, or against, the putative
ecosystem benefits of RA practices relative to conventional farming. In this
perspective article, we advance the argument that consideration of the soil
microbiome in RA research is crucial for disentangling the varied and complex re-
lationships RA practices have with the biotic and abiotic environment, outline the
expected changes in soil microbiomes under RA, and make recommendations for
designing research that will answer the outstanding questions on the soil micro-
biome under RA. Ultimately, deeper insights into the role of microbial commu-
nities in RA soils will allow the development of biologically relevant monitoring
tools which will support land managers in addressing the key environmental is-
sues associated with agriculture.

INTRODUCTION

One of the greatest challenges that humanity is currently facing is meeting growing food demands while
reducing environmental damage from agriculture. To guarantee food security into the future, it is esti-
mated that food production needs to roughly double.’ Most of the current demand is met by conventional
agriculture. Conventional agriculture contributes heavily to the deterioration of our soil and water environ-
ments, the accumulation of greenhouse gasses, and biodiversity losses, in part due to high stock densities,
heavy pesticide and fertilizer use, monocultures, and soil tilling.” Drastic changes are required, not only to
address the extent of soil degradation and related productivity and biodiversity loss but also to ensure
food security into the future. Regenerative agriculture (RA) is touted as a "back to basics” solution to
improve soil quality and biodiversity, while maintaining or improving productivity and profitability.”

While RA lacks an accepted definition, itis commonly described as a set of on-farm practices that generally
differ from conventional farming in terms of the types and intensities of human disturbances and/or inputs
within the farm system(’ (Table 1). These practices vary, but most often include a lack of tillage (mechanical
disturbance), excluding synthetic fertilizer and pesticide use, inclusion of increased plant diversity, and the
integration and altered management of crops and livestock.”® Limited evidence shows that RA can
improve soil nutrient content and physical structure,”~? while increasing profit and reducing pests.” Perhaps
most importantly, RA is purported to increase atmospheric carbon sequestration and is, therefore, touted
as a strategy to help address global climate change issues.'® While the RA “movement” is being increas-
ingly adopted by farmers at the grassroots level, comprehensive scientific research on the ecosystem-level
changes induced by RA, relative to conventional farming systems, has only recently gained momentum;
thus, questions remain about the extent to which regenerative approaches are able to achieve better envi-
ronmental outcomes, such as soil quality improvements and climate change mitigation, compared to con-
ventional practices.

Because soil microbial communities are crucial for maintaining soil quality and are a fundamental compo-
nent of the soil ecosystem,”>?' the soil microbiome is likely to serve as the belowground “engine” for deliv-
ering many of the key benefits of RA practices. A difference in microbial community composition in RA sites
compared to conventional systems has been confirmed,”” and the activity of microbes under RA may
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Table 1. Descriptions of practices commonly associated with regenerative agriculture, the rationale for their implementation, and examples of
research relevant to each

Practice Description Rationale for implementation Examples
Reduced tillage Soil disturbances are minimized by adopting Can decrease energy consumption and Holland,'?;
a no-till or conservation-tillage approach, the reduce CO, emissions while potentially Blanco-Canqui
latter meaning plant residues are maintained increasing carbon sequestration (but see and Ruis,®
on at least 30% of the soil surface. Direct-drill Cai et al.""). Reduces soil erosion, improves
cropping and pasture-sowing methods are soil fertility, and increases biodiversity
adopted. and water retention
Cover crops and Using close-growing crops to cover the Improves soil nutrients, while reducing Blanco-Canqui and
crop rotation soil between normal crop production or erosion and weed growth. Legume cover Ruis,"”; Adetuniji
between trees/vines in orchards and crops can increase soil N content and etal.'; Shah etal.’®
vineyards. Production crops alternate reduce the need for fertilizers. Crop rotation
sequentially on the same land. improves production and disrupts

insect/pest reproduction cycles

High-diversity Replacing traditional low-diversity Better pasture utilization, growing season Pembleton et al.'®;
pasture pastures (usually made up of one or extension, increased nutrition for grazing Distel et al."’

two species) with diverse mixes, often animals, increased milk production, and

selected specifically to suit the improved animal welfare. Thought to

farm purpose. increase overall biodiversity and improve

ecosystem functioning.

No synthetic Reduce or eliminate the need for synthetic Avoids the negative environmental Paungfoo-Lonhienne
fertilizers or fertilizers, instead using things like organic impacts of synthetic chemicals, including etal.’®
pesticides compost and bio-supplements (e.g., compost, increased greenhouse gas emissions and

seaweed extracts, fish hydrolysates, and eutrophication of aquatic ecosystems.

vermicast). Avoidance of pesticide use.

Grazing Rotating livestock across smaller Manipulating the amount of time that grass Teague
management paddocks or delineating grazing areas spends in the active growth phase by and Barnes,'’
for short periods and only returning managing the duration and timing of grazing
to a previously grazed paddock when is thought to enhance soil carbon
pasture has recovered and regrown. sequestration. Furthermore, preventing

overgrazing means rootstocks are less

impacted, allowing for quicker recovery.

increase.” Microbial biomass is also known to increase in RA sites compared to conventional systems.® This
is not surprising, given that there is clear evidence that aboveground activity impacts both the bacterial®***
and fungal®® belowground ecosystem components. However, the limited scientific research on RA that has
been conducted to date has largely overlooked relationships between RA practices and soil microbial com-
munities. We need to investigate how both the composition and functional profiles of the microbiome
change. For example, genes that can be used to define substrate utilization and the capacity for nutrient
cycling, toxin or heavy metal degradation, and microbial stress responses can be quantified.

THE IMPORTANCE OF SCIENTIFIC RESEARCH ON SOIL MICROBIOMES UNDER RA

Soil biota, including the microbiome, is increasingly recognized as the crucial foundation of ecosystem re-
silience and functioning.”®?” For example, microbes enhance soil fertility through their mediation of the
biogeochemical cycles?® and elevated carbon storage in soils with higher plant diversity has been shown
to be directly mediated by soil microbial processes.”” Microbial activity, for example, from fungi in the
rhizosphere, can impact the hydrophobicity of soil®® and therefore has consequences for soil hydraulic
function that need to be considered.®’ Thus, soil microbial communities are a vital component of the suc-
cess, or otherwise, of RA practices.

Understanding the role of the soil microbiome in RA outcomes could provide opportunities to increase the
efficiency and/or efficacy of RA. This could be achieved by indirectly manipulating the soil microbiome™
and altering management practices®® or more directly by modifying soil microbial communities, for
example, by introducing beneficial microorganisms.** The latter is likely to be challenging to implement,
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although there are examples of commercially available microbial products to enhance soil fertility or act as
biocontrol agents.** Though perhaps more in line with RA principles would be the application of compost
and compost teas which contain diverse and abundant microbial organisms.*> Indirect methods will only be
feasible if we can improve our understanding of the relationship between RA practices and soil microbial
communities. Knowing what aspects of microbial activity are key elements to desired soil condition out-
comes will create opportunities for optimizing the soil microbiome to get the greatest possible agroeco-
system benefit and to maximize production and profit potentials.

While there are several examples of verification schemes, such as the “Certified Regenerative” by A
Greener World and “Ecological Outcomes Verification” by the Savory Institute, the lack of a clear defi-
nition for RA and the practices to be deployed means these certification programmes are faced with
challenges. As a solution, outcomes, rather than or as well as practices, could be monitored.® For this
purpose, these outcomes should not be based solely on changes in abiotic variables such as soil nutri-
ents, pollutants, and soil structure, as has often been the case for soil monitoring under agriculture.36
Biological indicators make up less than 20% of indicators currently in use, and despite the increased
appreciation for the importance of biology in soil health, their use has not increased.” Where microbial
measures are used, these often consist of monitoring richness, biomass, or ratios of fungi to bacteria,
and the science behind the measures is commonly insufficient meaning interpretation for management
and policy purposes is difficult.%® That is not to say that microbial data cannot be useful, rather the type
of data that are used and the scientific understanding behind those is crucial. Approaches utilizing mo-
lecular methods (e.g., DNA-based detection of microbes) are likely to offer the best opportunities for
incorporating microbial insights into soil health for monitoring and management.*® Frameworks moni-
toring the progress of RA need to ensure that the biotic component of the soil is also assessed. The first
step in creating microbiological indicators of RA's impact on the soil ecosystem is understanding the re-
lationships between RA practices and the soil microbiome.

POSSIBLE IMPACTS OF REGENERATIVE AGRICULTURAL PRACTICES ON THE SOIL
MICROBIOME

Understanding RA’s impact on soil microbial communities is particularly challenging as RA is guided by
principles rather than dictated by strict protocols, resulting in a suite of practices that fall under the um-
brella of regenerative farming. Nonetheless, there are commonalities in how RA is applied, even if the spe-
cific nature of those practices varies among farms and farming systems. Research assessing the effects of
specific farm management practices and their impact on the soil microbiome also provides insight into how
particular principles of RA might impact the soil microbial communities (Figure 1); these practices, and what
is known about their effects on soil microbial communities, are outlined below.

Minimize physical soil disturbance by using no-till approaches

Closely associated with RA is the absence of, or reduction in, tillage to minimize soil disturbances.® Tillage
is used for seedbed preparation, soil aeration, turning over cover crops, and incorporating fertilizer into the
root zone,*” but it can have negative impacts on soil properties, for example, by breaking up the soil struc-
ture, accelerating erosion, and increasing surface runoff.”® The ecological impacts of tillage, in terms of the
biological organisms in the soil, have been investigated and described for many decades, with clear differ-
ences observed between tilled and untilled soils.”” Microbial biomass and enzyme activities increase in the
absence of tillage.*" Furthermore, when comparing soil microbiomes between conventionally tilled and
reduced-tillage or no-tillage sites, research suggests that, while there is no observable difference in micro-
bial community richness, the taxonomic composition does change.‘lz'43 However, increases in microbial
richness have also been observed in the absence of tillage.***® Whether or not differences are observed
in microbial communities could be due to variation in underlying soil environmental conditions, high-
lighting the importance of research across different ecosystems.

The impact of tillage on the soil microbiome can directly result from physical disturbance, and fungal
mycelia are particularly sensitive to physical disturbances due to their filamentous nature.*® However, dif-
ferences in fungal communities observed between till and no-till sites can also be linked to differences in
soil organic carbon, rather than the disturbance per se.*’ Similarly, since tillage results in a more homoge-
neous soil environment, this reduction in the diversity of microhabitats can result in a less-diverse bacterial
community that is dominated by a much smaller number of phyla.**

¢? CellPress

OPEN ACCESS

iScience 26, 106028, February 17, 2023 3




¢? CellPress

OPEN ACCESS

0 b\

RA * 1 respiration and activity levels \ = =
oo ®-e. A composition
a whole « diversity unaffected r
o I\ 3 r y

Diverse pastures - No tillage/direct ) y Grazing
and cover crops drill sowing \ ici \ management

= A5

+ 1 abundance, activity
and diversity
* 1 biomass esp. fungi

* A composition
+ A functional profiles

At what How does the Can we use the Can microbes

functional profile microbiome to enhance ecosystem
change? monitor progress? benefits?

Spatiotemporal scale
does the
microbiome change?

Figure 1. A summary of the changes in soil microbial communities known to occur under regenerative agriculture
(RA) practices, compared to conventional agriculture

Gray boxes state the RA practice, and the connected yellow boxes contain the microbiome changes associated with that
practice reported by previous research; darker shades of yellow represent increasing supporting literature for those
possible impacts on the soil microbiome. Reported differences between RA and conventional agriculture were increased
(1), decreased (]), non-direction changes (A), or no changes. For details on specific compositional or functional profile
changes, see section 3 and references therein. Green boxes highlight key knowledge gaps. This figure was created with
BioRender.com.

In all the above studies, the comparison between tillage and non-tillage was conducted in conventional
systems. It could therefore be argued that the microbiomes of these agricultural soils are still strongly
selected for by a relatively uniform abiotic environment, for example, through low-diversity rotational crops
creating a homogeneous organic substrate. Indeed, even no-till sites contain soil microbial communities
that are more similar to those in agricultural soils than those in natural grasslands, showing that physical
disturbance is not the only aspect of agriculture that impacts soil microbiomes.”® RA practices go far
beyond simply “no-tillage”; in combination, they may have as yet unobserved consequences for the soil
microbiome.

Increasing aboveground biodiversity

The goal of RA to increase aboveground biodiversity by having diverse crop rotations, growing cover
crops, and encouraging diverse pastures has the potential to increase net primary productivity and below-
ground carbon sequestration®®“; this is one of the core principles of RA. A strong relationship exists be-
tween plant diversity and soil microbial communities on a global scale; plant beta-diversity in grasslands is
significantly positively correlated with bacterial and fungal beta-diversity, even when accounting for envi-
ronmental variation.”® The use of cover crops and diverse production crops can also increase the abun-
dance, activity, and diversity of soil microbes, although crop management practices and climate impact
the observed effects.”’™ Interestingly, fungal communities might vary more with cover crop species
composition than bacteria, which respond more to local soil conditions,”® but the implications of this for
environmental effects in agricultural systems are unknown.

It has been suggested that soil microbes can promote plant diversity indirectly by affecting soil variables,
such as nutrient availability,”" so understanding the soil microbiome under RA practices could be important
for ensuring environmental and production benefits of planting diverse pastures, as well as the mainte-
nance of that diversity. Mycorrhizal diversity and plant diversity are especially closely interlinked, with di-
versity in one enhancing diversity in the other.”® However, the nature of these interaction webs is not
entirely understood. More diverse plant systems have increased root biomass and a corresponding
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increase in root exudates; this has been shown to result in an increase in both bacterial and fungal biomass
and a shift in the fungal to bacterial biomass ratio.”® Ratios of fungal and bacterial biomass can give impor-
tant insights into the functioning of soil ecosystems, whereby bacterial-dominated microbial communities
have been linked to losses in nitrogen and lower rates of carbon sequestration when compared to soils that
are fungal dominated.®’ =" Increasing plant diversity in pastures could result in increased fungal biomass,
which could therefore help RA practices achieve carbon sequestration goals. However, understanding the
dynamics of this increase and how variation in plant diversity interacts with other RA practices is crucial.

Managing stock densities and grazing rotations

Managing and optimizing the duration and timing of grazing are thought to be one strategy by which
soil carbon sequestration can be achieved because aboveground biomass and belowground carbon
flux are optimal when grass spends more time in the active growth phase.’” While further research is
required to understand exactly how efficient this is for increasing soil organic matter and carbon stock
and how best to implement it, altering grazing patterns is likely to impact the soil microbial communities.
Overall, there is clear evidence that grazed pastures contain different microbial communities and that
this effect can “spill over” into neighboring environments.®” Fungal community composition differs be-
tween cattle-disturbed soils compared to non-disturbed soils, and richness and fungal biomass are
higher in grazed soils.®' Some of this increased richness is likely due to the introduction of cattle-asso-
ciated fungi. However, indirect effects on soil chemical profiles caused by excrement and urine deposits
and changes in plant root turnover associated with the trampling and grazing activities can explain a
great deal of soil microbial community variation.®” Grazing has been shown to affect soil bacterial com-
munities more than fungal communities, with increased bacterial diversity and decreased biomass
observed.®” Bacterial communities also show changes in functional profiles in response to grazing,
including increases in nitrogen mineralization, nitrification genes, virulence, stress, and antibiotic resis-
tance genes, while denitrification, nitrogen reduction, and carbon fixation are decreased.®® Even mild
grazing by lambs has been shown to result in functional changes in bacterial communities, especially
in relation to nitrification.®” Rotational grazing can reduce the abundance of antimicrobial resistance
genes, the presence of which is of environmental concern.®® Such research shows that grazing activity
correlates with changes in soil microbial communities; however, these studies largely compare grazed
to un-grazed soils. While there is evidence that the response of the soil microbial community is corre-
lated with the time spent under grazing®® and grazing intensity,’ there is a lack of research into how
altered grazing patterns will impact the soil microbial communities. Furthermore, the type of animal be-
ing used for grazing is likely to be diverse under RA; deposition of cattle manure versus poultry litter
changed the abundance of antimicrobial resistance genes mentioned above, supporting the differing
impact different grazing animals will have.®® The full effect of this management practice in the context
of application within RA is therefore unclear.

Moving away from synthetic fertilizer use

To meet the specific nutrient requirements for high-yield crop plant production, synthetic chemical fertil-
izers have long been applied to agricultural soils. However, their use has harmful environmental impacts,
including increased greenhouse gas emissions and eutrophication of aquatic ecosystems.®® In line with the
general philosophy of RA, a primary aim is often to reduce or eliminate the use of synthetic fertilizers. Syn-
thetic nitrogen fertilizers have been reported to result in both a decrease®” and contradictorily an in-
crease’’ of arbuscular mycorrhizal (AM) fungi diversity, suggesting changes could be context specific or
determined through interactive effects. Long-term nitrogen fertilization experiments have reported that
bacterial diversity is not affected, though the community composition does change along with differences
in the functional profiles, including shifts in the catabolic capabilities, and increases in the relative abun-
dance of genes associated with nucleic acid replication, electron transport, and protein metabolism.”’
Shifts in community composition are also observed for AM fungal communities even after the short-term
application of chemical fertilizers.”” Nitrogen and phosphorus additions have been shown to increase
the relative abundance of fungal pathogens, while decreasing the abundance of mutualists,”? highlighting
the potentially detrimental ecosystem shifts caused by synthetic fertilizer use. However, fungal sapro-
trophs, which play crucial roles in soil carbon flux and storage, are not impacted by nutrient amendments.”?
Ultimately, given that synthetic fertilizers appear to affect at least microbial community composition and
function, and potentially diversity and richness, phasing out their use in RA soils is likely to significantly
change the observed microbial communities; however, the specific effects of this on microbial community
functions relevant for RA outcomes are unknown.
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Some changes in microbial community composition and function due to synthetic fertilizer use are likely to
be caused by the indirect effects of fertilizers on vegetation and soil physiochemistry. Indeed, when assess-
ing changes in fungal communities after nutrient inputs across different continents, it appears the changes
are largely indirect and the result of nutrient-induced shifts in plant communities.”” This could explain why
the exact nature of such changes varies among studies. Compared to synthetic fertilizers, organic amend-
ments are higher in carbon content. This is thought to increase the inoculation capacity of AM fungi on
plant roots as it can promote mycelial proliferation.”? Indeed, synthetic fertilizers are known to decrease
AM fungal spore density and root colonization rates,”* suggesting that regenerative practices, which avoid
such fertilizer application, might encourage more AM fungi-plant associations than conventional agricul-
ture, allowing plants better access to nutrients already present in the soil via symbiotic partners. This would,
in turn, reduce or remove the need for fertilizer use. However, whether or not AM fungi have a role in
increasing production in an agricultural setting in the absence of nutrient supplementation remains con-
tested.”® Further work is required to understand the impact of RA practices, in unison, on AM fungi and
crop production.

Finally, synthetic inputs are not limited to fertilizers. The application of synthetic pesticides to reduce
disease and thereby increase crop production can have far-reaching impacts from toxicity to non-target
organisms, soil contamination, and impacting human health through food contamination.’® While the rela-
tionship between microbial communities and pesticide use has been less studied than for fertilizer, it is
clear that there are observable impacts on the microbial communities including increases in microbial
biomass carbon and microbial enzyme activity.””’® Understanding how the elimination of all synthetic in-
puts changes the microbial communities is crucial to understanding the overall changes associated with
RA-managed soils.

HOW SHOULD MICROBIAL INVESTIGATIONS BE CONDUCTED TO EVALUATE RA?

The above-mentioned principles, which underpin RA and their expected impacts on soil microbial commu-
nities, highlight that adopting regenerative practices is likely to alter the soil microbiome significantly.
However, studying these practices in isolation does not provide an accurate representation of the variation
in microbial communities that we expect to find in regenerative soils. The outcomes of many of the man-
agement decisions themselves depend on the combinations of practices adopted and their interactions
with local environmental conditions. To truly understand the ecosystem changes that will occur with the
adoption of RA, we need to take a holistic approach by investigating RA systems rather than individual
RA practices.

Given the wide variety of existing RA practices, microbial community structures, and geographical and
habitat-specific circumstances, there is likely to be a wide variation in soil environments between RA sites,
as well as a development of the soils over time under RA. This, in turn, would result in high spatiotemporal
variation in soil microbiomes, when comparing different RA sites or tracking particular sites through time,
which needs to be accounted for in research designs. Itis crucial that comparative studies adopt large sam-
ple sizes so that patterns can be observed through the noise, while incorporating “conventional” sites
which are paired with or closely matched to the RA sites. Furthermore, we know that previous land uses
leave a "legacy” effect on the soil microbial communities, including important functions such as the cycling
of nitrogen.”” Microbiomes under RA will therefore be structured not only by present practices but also by
past land-use management, and changes are likely to be gradual. For some of the individual practices we
described in the above section, we have some understanding of how microbial communities respond
through time. For example, bacterial and non-AM fungal biomass “recovers” to pre-till levels within three
years of a single tillage event, while AM fungal biomass does not.?” But for most studies cited above, results
are based on a single time point and do not cover an adequate temporal change to assess long-term im-
plications. Adding temporal components to research is crucial to understand the rates of change and the
cumulative effects of time spent under RA. Alternatively, this can be achieved by using a space-for-time
approach where sites that have been under RA management for various amounts of time are included.
A combination of approaches, studying the soil microbiome at a range of spatial and temporal scales,
will be required to enhance our understanding of the complexities of these phenomena under natural
conditions.

Unlike much of the previous work described above, future research should focus not just on compositional
changes but should assess the functional contribution of the soil microbiome. Microbial communities can
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show functional variance even if their compositions are similar,?’ while compositionally different microbial
communities can have the same functional potential due to functional redundancy.® Despite most of the
studies having focused only on compositional changes, the functional profiles of the soil microbiome will
vary in RA sites compared to conventional farming. As discussed, the practices that make up RA will change
the soil environment, and soils with different physicochemical properties are known to house microbial
communities with different functional profiles.®> Given the importance of microbial functions to the soil
environment, understanding how these functions change is critical for appreciating the overall impact of
RA practices on the soil ecosystem.

Finally, soil microbial communities are most commonly investigated in only the top 10-15 cm of soil. How-
ever, the microbiomes in surface soils differ from those found in deeper soils.®* Particularly important is that
the functions also change with depth, including functions likely to be of particular interest for RA, such as
nutrient metabolism genes, because deeper soils contain fewer genes for the metabolism of nitrogen and
more genes for phosphorous metabolism than surface soils.”” Given that RA practices are likely to impact
more than just surface soils, for example, by encouraging deeper rootstocks, investigating the microbial
community changes deeper in the soil profile will enhance our overall understanding of the impacts of
regenerative practices on soil condition.

Conclusion

RA systems are complex and can be context specific; understanding these systems requires multidisci-
plinary investigations at a range of spatiotemporal scales and across geographic areas and farming sys-
tems. Soil microbial communities should not be overlooked in this research as we add more scientific
knowledge to the field. Understanding the role of soil microbial communities in RA will not only allow
the development of biologically relevant monitoring tools but potentially could also help us understand
how microbial communities can be manipulated or supplemented to better support the goals of RA. Im-
plementation of such practices supports meeting increasing global food demands while reducing the envi-
ronmental burden of agricultural production.
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