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Approximately 20 years ago (June 11th, 2004), a highly reputable scientific journal, on a front cover much celebrated by soil scientists, printed an eye-catching phrase: “Soils: The Final Frontier”. In the introduction to that special issue, it was mentioned that “in many ways the ground beneath our feet is as alien as a distant planet”, to then state that, owing to the booming interest in soil research at that time, together with the development of advanced techniques (e.g., next-generation sequencing), subterraneana would be made “seem far less of an alien experience”. In this perspective article, using as illustrations, by way of example only, two topics of great interest nowadays – soil carbon sequestration and soil biodiversity –, it is claimed that, despite all the efforts devoted in the last 20 years to the understanding of the soil ecosystem, the “final frontier” appears to have receded, as we are discovering increasing levels of complexity that are slowing down our trip to the far reaches of the edaphic universe. Due to, among other features, its high structural and functional complexity, biodiversity, heterogeneity, opacity, and processual and dynamic nature, the soil still remains a great unknown (“a black box”). The ultimate goal of this perspective article is to draw attention to the need for further long-term investment in research into this highly complex and fascinating ecosystem.




Keywords: biodiversity, carbon sequestration, microbial ecology, soil ecosystem, soil research, soil science




1 Introduction

Approximately 20 years ago (June 11th, 2004), the highly regarded journal Science, on a front cover much praised by those of us dedicated to soil research, printed an attention-grabbing motto: “Soils: The Final Frontier”. Paraphrasing the quote of the Star Trek Saga, the selection of that title for a special issue on soil research was intended to convey the notion that soil is one of the most complex ecosystems on Earth and, at that time, the latest challenge for ecology. Such statement was based on the overwhelming complexity of the soil ecosystem (1). Actually, soils are extremely complex environments from a physical, chemical, and biological point of view (2), although such categorical categorization of soil characteristics may no longer make sense, since the more we know about soils the more difficult it becomes to distinctly differentiate their abiotic and biotic fractions.

At that time, in order to emphasize the fact that we hardly understood its inner workings, it was common to describe the soil as a “black box” (3). In some way, we were all in agreement with Leonardo da Vinci´s viewpoint, reflected in his quote: “We know more about the movement of celestial bodies than about the soil underfoot”. But, in tandem, we, soil scientists, were all much excited about the flourishing, rather unexpected, growing interest in soil research and, specifically, in the development of novel techniques (e.g., high-throughput sequencing technologies, omics technologies, developments in computational power, bioinformatics tools) (4, 5), which together brought the promise and hope of a new era in which new data, information, and knowledge would soon illuminate every corner of subterraneana´s black box.

Twenty years later, without a shred of doubt, it can be affirmed that, since then, soil science has advanced substantially, at a faster pace than ever, in particular, the soil microbial ecology field (6) which had been for decades hampered by its dependence on microbial cultivation. Providentially, the advent of nucleic acid sequencing technologies opened the door to the study of those microbial species that cannot be cultivated, i.e., the great majority. Importantly, in the last two decades, an influx of highly-talented young researchers have entered the soil microbial ecology field, in part stimulated by the new molecular biology tools, innovative omics technologies, and other cutting-edge techniques (7).

But, paradoxically, the more we learn about the soil ecosystem, the darker and larger the black box feels, as we are discovering increasing levels of complexity that keep us apart from “the final frontier”. Frustratingly, the more we study it, the more data we collect, the more technology we have, etc., the less we seem to understand the soil ecosystem. Our degree of perceived ignorance has, most likely, increased. We are beginning to fathom that the “soil universe” is vaster, more mysterious, and much more intricate than we imagined 20 years ago. So to speak, although we have indisputably travelled an enormous distance in our space voyage to the far reaches of the edaphic universe, the final frontier appears to be receding.

In this perspective article, using as illustrations, by way of example only, two topics of great relevance nowadays – soil carbon sequestration and soil biodiversity –, a few cases in point are briefly presented to support our claim that the “final frontier recedes”. Thus, our methodological approach is based on the review of two topics of maximum interest, to which much effort has been devoted over the last two decades, as proof that, despite all the resources and work put into understanding them, there are still many substantial gaps in their understanding.

The selection of these two topics is not accidental. On the contrary, in the last two decades, three crucial facts have become blatantly clear: (i) we are degrading our planet to such an extent that we are crossing several of the planetary boundaries that define the “safe operating space for humanity” (8, 9); in this respect, climate change and biosphere integrity (the latter focused on genetic and functional biodiversity) have been identified as the two core planetary boundaries because either one, on its own, could change the course of the Earth’s trajectory (10); (ii) soil degradation is interrelated with the nine Earth-system processes included in the planetary boundaries framework; in fact, soil degradation has been proposed as the 10th Earth-system process for the planetary boundaries framework (11); and (iii) soil biodiversity is not only essential for soil functioning and the provision of ecosystem services, but it also provides benefits to both human and planetary health, and, relevantly, to climate change mitigation (12). These crucial facts provide ample justification for the choice of these two topics, which are briefly discussed in the following sections.

In relation to soil carbon sequestration, within the context of climate change mitigation and, particularly, as a result of carbon farming and carbon offset markets and initiatives (13), much attention is being paid to the capacity of soils to sequester carbon. These days, many soil scientists are being asked, by decision-takers, entrepreneurs, land managers, foresters, farmers and so on, the following questions: How much carbon can this soil sequester in the next “x” years? What practices should I apply to enhance soil carbon sequestration in my property or territory? But the sad truth is that, despite all the remarkable research being done in the last two decades in soil carbon dynamics and sequestration, there is still no straightforward answer to those questions, owing in great part to the complexity and dynamic character of soils.




2 Soil carbon sequestration

Soil is the largest terrestrial ecosystem carbon pool (ca. 2,500 Pg C) (14). Soil carbon sequestration can potentially remove between 0.79 and 1.54 Gt C yr-1 from the atmosphere, pointing out to the great potential of soils in stabilizing the climate (15). Importantly, due to its being a complex system, the soil carbon pool is influenced by many factors, such as, climate change, soil management, land use change, etc. (14). The soil microbiome contributes to the decomposition of organic matter through various metabolic pathways, thus playing a critical role in carbon cycling and the stabilization of organic carbon, thereby affecting soil carbon storage and turnover (16). It is possible to boost soil carbon sequestration by means of manipulating the microbiome to favor specific microbial taxa or traits, but strategies to do so must be carefully evaluated, since, due to its complexity and our lack of knowledge on soil functioning, there is the risk that the manipulation of the soil microbiome could have undesirable consequences (17). Some groups of microorganisms can play a key role in the restoration of degraded soils, such as, for instance, plant growth-promoting rhizobacteria, nitrogen-fixing bacteria, mycorrhizal fungi, and contaminant-degrading microbes (18). Then, it is not surprising that soil microbial properties have long been used as bioindicators of soil health and ecosystem restoration (19, 20).

As a rule, the stock of soil carbon can fluctuate, to a non-trivial extent, in reaction to a range of interactions between natural and anthropogenic drivers, thus increasing the level of uncertainty in carbon sequestration estimations. In the last years, and after the existence of large-molecular-size and persistent humic substances was questioned (21), the soil carbon sequestration debate has been dominated by different topics as complex as they are fascinating: the contribution of particulate organic matter vs. mineral associated organic matter (POM vs. MAOM) (22), the mineral sink vs. the microbial sink (16, 23), the influence of microbial composition and necromass (24), and the importance of element stoichiometry (25), among other aspects.

But the more we delve into the mechanisms of carbon sequestration, the more we realize that many unforeseen variables might have a key role in soil carbon dynamics. For instance, viruses, and in particular RNA viruses, may contribute to soil carbon dynamics to a much greater extent than previously anticipated (26). Compared to bacteria and fungi, soil viruses have been much less investigated, a somewhat surprising circumstance taking into consideration the well-known relevance of bacteriophages as major players in global biogeochemical cycling, as reflected by the fact that bacteriophages can lyse up to one-third of bacteria in ocean waters per day (27), thus releasing an enormous amount of carbon, with substantial consequences for global carbon cycling and sequestration. Another example comes from the finding that, besides microbial growth, microbial death (i.e., the different microbial death pathways) might be a key driver of the soil microbial carbon pump, as it can affect soil microbial necromass composition and its subsequent fate (24). Furthermore, the long-known progressively slower soil carbon dynamics observed in the subsoil vs. the topsoil appears to depend on bioenergetic constraints, affecting the variety of organic matter decomposers over a range of mineral reactivity contexts, resulting in an unfavorable “return-on-energy-investment” for those decomposers (traditionally, the persistence of deep soil organic carbon has been largely attributed to stabilization mechanisms) (28). We are discovering hitherto unexpected links between soil organic carbon contents and plant-microorganism interactions with crucial significance for nutrient dynamics. In this regard, soil organic matter content can attenuate the efficacy of flavonoid-based plant-microbe communication with concomitant consequences for nitrogen fixation by legumes (organic carbon was found to interrupt the signaling between Medicago sativa and Ensifer meliloti, leading to a 75% decrease in nodule formation) and, concurrently, potential effects on carbon storage (29).

On the other hand, in order to increase soil organic carbon content and fertility (nutrient content), organic amendments of animal (manure, slurry, compost) and urban (sewage sludge) origin have traditionally been applied to agricultural soils as fertilizers (30, 31). Also, organic amendments are applied to agricultural soils for phytopathogen control purposes (32). An unintended adverse effect of great concern is the introduction of antibiotic residues and antibiotic-resistant bacteria, harboring antibiotic resistance genes, to soils via the application of those amendments (33, 34). Antibiotics are widely used in livestock farming and, since a considerable percentage of the antibiotic administered to the animals is excreted directly, or as transformation products, in the feces and urine, the addition of animal manure or slurry to agricultural soils is leading to the emergence and dissemination of antibiotic resistance in the environment (the environmental resistome) (34). Similarly, when applying sewage sludge to agricultural fields, antibiotic residues are released and antibiotic-resistant bacteria are incorporated to the environmental resistome (35, 36). In the last years, this topic has become one of the main issues in organic fertilization forums, questioning the practice of applying organic amendments to increase soil carbon content.




3 Soil biodiversity

As far as soil biodiversity is concerned, in the last two decades, the application of next-generation sequencing techniques (37) for soil metabarcoding, metagenomic (shotgun metagenomics, targeted metagenomics), and metatranscriptomic analyses has revolutionized the in-depth study of soil structural and functional biodiversity. In particular, the study of soil prokaryotes and fungi (i.e., the two dominant taxonomic groups in the soil), in terms of both composition and function, has greatly benefited from the advent and development of sequencing technologies, together with molecular biology tools. Importantly, these novel techniques have opened the door to the investigation of non-culturable microorganisms.

Nonetheless, soil microbiome studies have still important limitations that remind us of the imperative need for extreme caution when interpreting data and drawing conclusions. In this respect, apart from well-known limitations and biases coming from sampling procedures (disruption of the soil matrix, sample representativeness), sample storage, nucleic acid extraction methods, PCR amplifications, sequencing protocols and errors, functional annotations, imperfect databases, bioinformatics tools, snapshot analyses, etc., it is important to emphasize that, even if these problems were solved, significant conceptual challenges would remain, e.g., the presence of a gene is not evidence of its activity; the reduction of the relative abundance of a functional gene does not imply a reduction in the associated process rate; absolute gene abundance values are not reliable indicators of activity or function because enzyme activity per gene might not be constant; and metagenomic data often do not provide information on ecologically important activities (38).

On the other hand, amplicon sequencing data, using 16S rRNA or ITS as phylogenetic markers for prokaryotes and fungi, respectively, frequently do not allow full taxonomic identification at the species level, not to mention at the strain level. Moreover, it is often overlooked that relic-extracellular DNA from dead microorganisms (39) is abundant in soil where it can persist for weeks to years. Actually, by studying a wide range of soils using viability PCR based on the photoreactive DNA-intercalating dye propidium monoazide, it was reported (40) that, on average, 40% of both prokaryotic and fungal DNA might be extracellular or from cells that are no longer intact, and this extracellular DNA inflated the prokaryotic and fungal richness by up to 55%, causing significant misestimations of taxon relative abundances. Another limitation present in soil microbiome investigations is the dearth of soil-specific reference databases and a lack of in-vitro mock communities derived from soil microbial strains that could be used for taxonomic classification faithfulness (41). Compared to microbes, the application of omics technologies for the study of the biodiversity of soil fauna is still in its infancy for many taxonomic groups.

Although molecular and omics technologies have certainly brought much light to the microbial ecology field, they have also engendered an excess of technique-driven, descriptive studies, without a proper question-driven and hypothesis-driven approach, possibly hampering the progress of microbial ecology theory (42). High-throughput techniques have allowed us to study in detail the structure and dynamics of soil microbial communities, microbial interspecies co-occurrence networks, metabolic and functional aspects of soil microbial communities, etc. but we must not forget that these techniques (e.g., omics analysis) cannot completely grasp all the elements of soil microbial ecosystems, and, above all, that we still need sound theoretical frameworks to be able to generalize microbial ecology observations and, particularly, to properly interpret big data from, for example, multi-omics approaches (43).

Interestingly, innovative molecular tools (e.g., meta-omics, gene editing, CRISPR-Cas), together with new technological advances (e.g., artificial intelligence, satellite technologies) are being developed to increase the success of microbiome-based strategies to boost soil health and restoration, by means of, for instance, microbial inoculants, microbiome in situ manipulations, plant-microbe products, etc. (44).




4 Discussion

As illustrated by these two topics (carbon sequestration and biodiversity), although much progress has undoubtedly been made in the last 20 years, soil researchers are constantly discovering increasing levels of complexity in the study of the soil ecosystem and its biota. The more we study the soil the more we realize that it is an amazingly complex and awe-inspiring ecosystem that shelters a vast biodiversity (soil is likely home to 59 ± 15% of the species on Earth) (45) responsible for a number of processes that underpin the integrity and sustainable functioning of soils.

The soil is not a static matrix, composed of sand, silt, and clay, but a processual and dynamic entity that displays an ontological interdependence between activity and existence. There is such a multitude of interconnections, interactions, and interdependencies among its abiotic and biotic components that it is often very difficult, if not impossible, to unambiguously differentiate them. As an example, the criticality of the soil´s microbiological component for soil structure and functioning is so large that it has been purported (46) that soil behaves as an extended composite phenotype of the resident microbiome, a proposition that supports the theory that soil-microbe systems are self-organizing states. To some extent, this is not a surprising proposal as scientists have long been aware of the biotic nature of many soil forming processes and debated the idea that soils are biotic constructs (47).

Inevitably, we must embrace the overwhelming complexity of the soil ecosystem and accept the associated uncertainty. As an example of this complexity, after decades of discussion, the definition and concept of soil health are still a matter of much debate and controversy (48, 49). Luckily, the lack of an agreed definition is not an insurmountable obstacle to developing a field of knowledge, in both its theoretical and practical aspects, as illustrated by the fact that, in the absence of an agreed definition of life, the field of biology has successfully studied for centuries the living organisms that inhabit our planet.

From all of the above, it can be concluded that soil is still a largely unknown ecosystem, in which the limitations of our analytical tools and the lack of solid theoretical foundations prevent us from understanding key aspects of the soil system, such as its biodiversity (a pillar of its sustainable functioning) or its capacity to sequester carbon. Therefore, and given the criticality of the soil resource, we must strongly support theoretical and practical soil research, especially that characterized by its multidisciplinary character, creativity, critical thinking, and holistic approach, far from reductionist visions and focused on the myriad of interconnections, interdependencies, and interrelationships among the biotic and abiotic components of the soil matrix.

Despite all the efforts, resources, money, time, and hopes put in the last 20 years into reaching “the final frontier”, we, crew members of the Soil Research Enterprise, must accept the fact that the final frontier has receded during this time (Figure 1). But our mission is to explore the strangest of worlds, subterraneana, and to boldly go where no human has gone before, i.e., to the deepest corners of the belowground universe.




Figure 1 | Schematic representation of the presented argument.
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