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Abstract

The way microbes behave in nature can vary widely depending on the spatial characteristics of the habitats they
are located in. The spatial structure of the microbial environment can determine whether and to which extent
processes such as organic matter degradation, and synergistic or antagonistic microbial preocesses occur.
Investigating how the different spatial characteristics of microhabitats influence microbes has been challenging
due to methodological limitations. In the case of soil sciences, attempts to describe the inner structure of the soil
pore space, and to connect it to microbial processes, such as to determine the access of nutrient limited soil
microorganisms to soil organic matter pools, has been one of the main goals of the field in the last years. The
present work aimed at answering the question of how spatial complexity affects microbial dispersal, growth, and
the degradation of a dissolved organic substrate.

Using microfluidic devices, designed to mimic the inner soil pore physical structures, we first followed the dispersal
and growth of soil microbes in the devices, using soil inocula or burying the microfluidic devices in the top layer of
a soil (Paper 1). We found that inter-kingdom interactions can play an important role for the dispersal of water-
dwelling organisms and that these physically modified their environment. To reveal the effect of the different
structures on microbes in more detail we tested the influence of increasing spatial complexity in a porespace on
the growth and substrate degradation of bacterial and fungal laboratory strains. The parameters we used to
manipulate the pore space’s complexity were two: via the turning angle and turning order of pore channels (Paper
11), and via the fractal order of a pore maze (Paper Ill). When we tested the effect of an increase in turning angle
sharpness on microbial growth, we found that as angles became sharper, bacterial and fungal growth decreased,
but fungi were more affected than bacteria. We also found that their substrate degradation was only affected when
bacteria and fungi grew together, being lower as the angles were sharper. Our next series of experiments, testing
the effect of maze fractal complexity, however, showed a different picture. The increase in maze complexity
reduced fungal growh, similar to the previous experiments, but increased bacterial growth and substrate
consumption, at least until a certain depth into the mazes, contrary to our initial hypothesis. To increase the
relevance of our studies, we performed experiments in both microfluidic device designs inoculated with a soil
microbial extract and followed the substrate degradation patterns over time (Paper 1V). We found that as
complexity increased, both in terms of angle sharpness and fractal order, substrate consumption also increased.
Our results, specially in mazes, might be caused by a reduced competition among bacterial communities and
individuals in complex habitats, allowing co-existence of different metabolic strategies and the onset of bacterial
biofilm formation leading to a higher degradation efficiency, but further studies are required to confirm this. Our
results show that the spatial characteristic of microhabitats is an important factor providing microbes with
conditions for a wide variety of ecological interactions that determine their growth and their organic matter
turnover.
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Popular science summary

We barely stop and think about the life we hold in our hands when we grab a piece
of soil. Only one gram of soil can contain more organisms than humans in the entire
planet Earth. When we have a closer look, we can find curious facts, such as that
the local conditions inside this piece of soil can change drastically over just a few
micrometres, that it contains an extraordinarily high diversity of microbes, and that
it stores an immense amount of carbon-rich nutrients for those microbes.
Microorganisms, such as fungi or bacteria, are found in soils in a state of starvation,
which means they are constantly hungry and ready to consume any nutrient that
becomes available to them. How is it possible, then, that starving microbes and high
amount of nutrients are found simultaneously in soil? What is impeding microbes
to access the nutrients? These questions surpass the mere scientific curiosity due to
their global relevance. Soils contain the largest reservoir of organic carbon on land
on Earth and if, for some reason, anthropological or natural, this carbon becomes
available to microbes, large amounts of carbon would be released to the atmosphere,
contributing to climate change.

Keeping the carbon buried in soils is therefore crucial if we want to mitigate the
effects of climate change. But to do so we need first to understand why and how the
carbon is kept in soils, why the starving microbes are not consuming the available
nutrients that soil contains. Several theories have been proposed to explain this
phenomenon: it has, for instance, traditionally been thought that the nutrients soil
contains are composed of too complex, large and amorphous molecules, which
surpasses the mechanisms soil microorganisms use for obtaining food. Recent
studies, however, show that the majority of nutrients found in soil are small
molecules with a high nutritional value for microbes that are consumed immediately
when they become available. The idea that microbes and their food are not in
reachable contact in the soil, has been brought up in the latest years to explain the
accumulation of carbon in soils. The reason why this separation occurs might be the
intrinsic nature of soil being a porous system that contains small volumes of
countless habitats of different characteristics. Microbes and their food are thus not
necessarily located in the same space but separated from one another by a complex
labyrinth.

On the other hand, the intrinsic nature of soil, its heterogeneity, that allows it to have
S0 unique properties, also makes it difficult to study. We can manipulate a soil in
bulk, measure indirectly how the microbes, nutrients, and other properties, change
within it, but we cannot separate its differing microhabitats nor visualize how these
processes occur in real time. The fact that we cannot see through soil does not allow
us to understand how the labyrinth-like structure of the soil affects the accessibility
of microbes to the nutrients contained within it. To tackle this limitation several
computer modelling approaches have been tried, which simulate the inner structure
of soil to better understand its interaction with microbes. Other attempts are to scan

13



samples of soils using x-rays to obtain detailed characteristics of its inner porous
system. These methods, although valuable and informative, still do not allow us to
understand, through visualization, manipulation and quantification, the direct effect
of the soil structure on microbes and nutrients.

In the present work, we used microfluidic technology to simulate the inner
characteristics of soils. Microfluidics is a technology that allows chemical and
physical manipulation at a microscale, allowing us to design our own pore space
with fixed characteristics that simulate the inner soil pore space. A microfluidic
device is made of Polydimethylsiloxane (PDMS), a transparent rubber-like material,
that permits direct visualization of the processes occurring within its
microstructures. In this way, we can track how much microbes are growing, how
they are moving, competing, and consuming nutrients. Using this technology, we
conducted our research in three parts. First, we tested if the method was viable to
study real communities of soil microbes and their interactions (Paper I);
furthermore, we tested how the spatial characteristics of a pore space affected lab
microbes (Paper 11 and Paper I11); and finally, we evaluated if the results obtained
with lab microbes can be replicated in natural soil microbes (Paper 1V). Our initial
hypothesis was that a physically complex habitat would limit microbial mobility
and growth, leading to an overall reduction in microbial biomass and the nutrients
they consume.

First, to test if the microfluidic devices could be used to study soil microbial
interactions, their colonization patterns, and the modification they do to their
surroundings, we buried microfluidic devices containing structures that mimicked
the soil pore space and we studied them in the microscope after two months (Paper
1). We could find not only that the devices were full of bacteria, fungi, and protozoa,
but that air bubbles constitute unsurmountable obstacles for the swimming soil
microbes like bacteria or protists, that bacteria and protozoa can use fungal hyphae
as a bridge to access deeper regions of the microfluidic device, and that microbes
modify their habitat when they colonize it. We then wanted to focus our next studies
on the effect of the spatial shape of a soil pore space on microbes and their organic
matter degradation in more detail. We used two different concepts to build a pore
space with help of geometric structures: one was by looking at the pore space as a
conjunction of channels (Paper I1) or looking at it as a maze with many branching
paths which are more or less connected (Paper I11). When we tested the effect of
channels, and how the effect of crooked channels differed from the effect of more
straight ones, on a laboratory fungal and bacterial strain, we found that both
organisms, as well as their nutrient degradation, are negatively affected in crooked
channels, but the effect on fungi is stronger. We then tested the effect of the
complexity of mazes on the growth of the lab strains used in the previous study. We
found that as maze complexity increased, fungal growth decreased, in accordance
with the previous study, but bacterial growth increased. Similarly, the nutrients were
degraded more strongly inside the most complex mazes. Finally, we tested the effect

14



of channel and maze complexity on the nutrient degradation of natural soil microbes
(Paper V). We found that nutrient degradation was higher in crooked channels and
complex mazes, meaning that as the habitat became more complex, the nutrient
consumption was higher.

As it can be seen, our results were the opposite of what we expected in the
beginning. We expected to see that complex habitats would decrease the fungi and
bacteria inside them, reducing thus the amount of nutrients that were degraded. In
turn, we found that while this was true for fungi, it was the opposite for bacteria,
which grew more and degraded more nutrients in complex habitats. The explanation
of why a more complex habitat promotes higher bacterial biomass and nutrient
degradation might be because complex environments offer different advantages. In
a complex environment the interaction between individuals is reduced, which means
that the competition between them is also reduced, giving the opportunity for a large
variety of strategies to emerge and cohabit. Bacteria that prefer to live in association
with others, rather than swimming freely, grow better in a complex environment,
because they are better protected against predation and high competition. They can
then join each other’s company and start forming a collective behaviour called
“biofilm”, where they become more efficient for different processes such as growth
and nutrient acquisition.

Even though many parameters that exist in soils, such as air pockets, are not yet
included in our later experiments, our approach demonstrates how complex and
unintuitive the behaviour of microbes can occur inside microhabitats. The final goal
of the approach we use is to be able to replicate as many parameters as possible so
that we can evaluate how each one affects soil microbes. Once a clear picture of
such effects is drawn, we could be capable of looking at a CT scan of soil and
identify what type of microbes, interactions, and functions are happening in each
spot and in the entire soil. In this sense, understanding parameter by parameter, how
the inner characteristics of soils affect microbes, their interaction, and nutrient
consumption, can help us to identify proper strategies to reduce the soil carbon from
being consumed, thus reducing thus our contribution to the global climate change.
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Introduction

The habitats where microbes grow tend to be patchy and to change over time. These
changing habitat characteristics influence not only the way microbes behave, but
also the impact they have in ecosystems. Heterogeneous microhabitats can be found
inside the human body, in marine sediments, or in soils. In soils, the extreme
complex habitat that microbes inhabit is thought to be one of the reasons why the
carbon soils contain is preserved and not consumed by microorganisms.

Soil organic matter and the global carbon cycle

It is expected that through the 21st century the global mean temperatures will keep
rising if the emissions of greenhouse gases are not decreased(IPCC, 2013). This will
likely carry negative effects to the environment, the economy, and human health
and safety(Forum, 2009). Since CO, emissions from fossil fuels and changes in land
use are the main driving forces behind climate change, understanding the global
carbon cycle and its dynamics will help us to predict and find possible solutions to
such changes.

The carbon cycle describes the transformations carbon undergoes on Earth, which
can be part of a long-term geological cycle or a short-term biological cycle (Kasting
etal., 1988). While the biggest pools of carbon lay in the long-term geological cycle,
it is the biological carbon cycle, the short-term cycle, that human activities impact
the most (Lal, 2008). The biological cycle is determined by the balance between
photosynthesis and decomposition, and its dominant compounds are CO, and CHa.
A theoretical start of the cycle occurs when the atmospheric CO; is incorporated in
terrestrial biological tissue via photosynthesis. The total amount of carbon
incorporated in plant tissues via photosynthesis is known as Gross Primary
Productivity. After a portion of this carbon has been respired back to the
atmosphere, what remains as death or living biomass is known as Net Primary
Productivity. This biomass carbon can later undergo different paths, it can be further
consumed by other organisms and be respired as CO; back to the atmosphere, or it
can enter the soil and be transported later to oceans through rivers, or it can remain
in soil forming what is known as soil organic matter (SOM).
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The SOM chemical composition is thought to depend on both the initial
characteristics of the input material and on the biotic and abiotic processes it is
subjected to in the soil (Liang et al., 2017; Stoops et al., 2010). Even though SOM
is essential for soil agriculture, water quality and for the resistance a soil can have
to erosion (Bot & Benites, 2005; Schmidt et al., 2011), an agreement on the basics
of its nature is still lacking(Lehmann & Kleber, 2015). A deeper understanding of
SOM might help to clarify why a portion of soil organic carbon is decomposed
promptly, while another remains stable in soils for millennia (Schmidt et al., 2011)

Traditional Views on Soil Organic Matter Stability

Three conceptual models that describe the stabilization of OM have been
traditionally discussed: The Humification-; the Selective preservation-; and the
Progressive decomposition model (Lehmann and Kleber 2015).

The “Humification” perspective is a method-based approach that states that an
accumulation of recalcitrant OM due to its chemical properties is the reason why
carbon remains in soil. In this approach, SOM is formed of plant material that has
been modified by soil microbes into complex lignin-like compounds known as
humic substances (Stevenson, 1994). In this process, known as “humification”,
humic substances increase in size and complexity as they are metabolically
processed in soils. However, the methods to extract them from soil consist in harsh
alkali extractions which, despite been widely adopted, have not been shown to
represent the actual compounds that exist in an undisturbed soil (Lehmann &
Kleber, 2015). In this line, recent studies have found that the large molecules,
traditionally called humic substances, are rather a product of aggregation of small
molecules during the extraction methods (Myneni et al., 1999; Piccolo, 2001; Sutton
& Sposito, 2005). It has been, therefore, suggested that the molecular structure of
the SOM components does not necessarily determine the long-term persistence of
carbon in soils (Schmidt et al., 2011).

Another approach that explains carbon accumulation in soils is the “Selective
preservation” model, which assumes that the OM input into soil is, per se, composed
of a labile and a stable pool (Litzow et al., 2006). The labile pool is thought to be
composed of simple molecules, such as glucose and amino acids, and of
macromolecules of high nutritious value for microbes, like polysaccharides or
proteins . The stable pool, in contrast, is thought to contain complex molecules of
low nutritional value such as amorphous polymers with aromatic rings, which would
make this pool less likely to be consumed by soil microbes, and therefore persist in
soil (Litzow et al., 2006). Polymers that are part of this pool are lignin and
molecules like lipids, waxes, cutin and suberin (Derenne & Largeau, 2001).
However, several studies have shown that, given the right conditions, a wide variety
of compounds can be mineralized or modified by microbes (Gramss et al., 1999;
Hamer et al., 2004; Hazen et al., 2010; Wiesenberg et al., 2004; Yang et al., 2014).
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The molecular recalcitrance of a compound plays, therefore, a relative rather than
an absolute role in its persistence in soil and might be relevant only in the early
stages of decomposition (Ltzow et al., 2006)

The “Progressive decomposition” model, on the other hand, is based on the concept
of an energetic downhill process where the fauna, plant, and microbial derived
compounds, fall into. SOM is here considered as a unstable mixture of different
thermodynamic state molecules that tends to fall through a “free energy
precipice”(Hedges et al., 2000). In this sense, the SOM would be formed by
molecules of different sizes and states of decomposition that accumulate over time.
However, as indicated before, molecular structure does not necessarily determine
the time a compound would remain in the soil(Schmidt et al., 2011). Thus, factors,
other than the chemical properties of SOM compounds, might be preventing its
mineralization.

Emergent views on soil organic matter persistence

Recent advances in SOM research indicate that none of the presented concepts
suffice to explain the nature of SOM. There are still phenomena that cannot be
answered with the traditional views on SOM. It is possible to find, for instance, high
concentrations of supposedly labile OM in soils such as free amino acids (Gallet-
Budynek et al., 2009; Jones et al., 2009; McDowell et al., 2006; Van Hees et al.,
2008; Yu et al., 2002) On the other hand, the addition of low molecular weight
compounds to soils resulting in a rapid mineralization rate, reveals the starving
nature of soil microbes (Hobbie & Hobbie, 2013). This paradox supports the idea
that a part of the SOM, in natural conditions, is not accessible to microbes and that
the high concentration of low molecular weight compounds extracted from soil
might be sample-induced (Hobbie & Hobbie, 2013). To explain this lack of
accessibility, new models have been proposed (Lehmann & Kleber, 2015), where
the accessibility of microbes to SOM is the driver of OM decomposition.
Accessibility is defined in terms of both physiochemical interactions of the OM with
mineral surfaces, where the attachment of organic molecules to mineral surfaces
limits their availability, and in terms of the physical protection of SOM within the
inner soil structure (Lehmann & Kleber, 2015).

Soil structure

Soil is considered the most complex biomaterial known, which is in part due to the
interaction of soil microbes with its heterogeneous microenvironments, forming a
self-organized system that sustains its functionalities over time (Young & Crawford,
2004). The way particles and voids are distributed in the soil matrix, regardless
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chemical heterogeneities, is known as soil structure (Rabot et al., 2018). This
property of soils has been traditionally studied because it can help to descre some
soil physical aspects like hydraulic and solute transport properties (Bejat et al.,
2000; Vogel, 2000), soil water retention curves (Vogel, 2000), hysteresis, or
dependence of the soil media on its previous phenomena (Jerauld & Salter, 1990),
or the relationship between capillary pressure and saturation based on the
heterogeneity of the pores (Ferrand & Celia, 1992).

But soil structure does not only alter soil physical parameters, it also influences the
living organisms inside it. Plants, for instance, adjust their root colonization
showing a preference to pores generated by organisms such as earthworms
(Stirzaker et al., 1996). For microorganisms, soil structure is considered to have a
major impact due to the diversity of microenvironments it provides (Young &
Crawford, 2004). It can, for instance, promote differences in the abundance of
different microbial communities (Negassa et al., 2015), affect local denitrification
and intra-aggregate anoxia patterns (Arah & Vinten, 1995), affect the
decomposition rate of freshly added plant residues depending on the pore
connectivity (Negassa et al., 2015). On the other hand, microorganisms can in turn
also affect the soil structure: It has e.g. been shown that microbial decomposition
activity inside artificial soil aggregates caused micro-cracks that changed their inner
porosity and morphology (De Gryze et al., 2006).

The study of the structure of soil can be approached by either looking at the matter
it is composed of, or, in contrast, at the empty spaces this matter creates. Thus, the
approaches to study soil structure consist mainly of two perspectives: the soil
physical approach and the soil pore approach.

Soil physical approach

The physical approach or aggregate approach is a method-based characterization of
the soil structure and it is defined by the stability of the soil particles after a certain
separation treatment. It has been established a three-state organization of the soil
solid phase: macroaggregate, mesoaggregate, and microaggregate (J. Six et al.,
2004).

The aggregate properties of soils have been suggested to be determinant for the
SOM dynamics inside them. The SOM inside soil aggregates is thought to be
protected from microbial degradation due to the inaccessibility of degrading
enzymes and the reduced oxygen diffusion inside of them (J. Six et al., 2002). Poorly
stable macroaggregates have been shown to offer little protection to SOM in the
long term when compared to more stable microaggregates (J. Six et al., 2002).
Therefore, the amount of carbon contained in microaggregates-within-
macroaggregates as a ratio of the total SOC is proposed as indicator of the physical
stabilization of SOM in soils(Johan Six & Paustian, 2014).
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Pore space perspective

The pore space perspective, as opposed to the aggregate perspective, focuses on the
soil architecture, or the properties of the soil pore space(Ritz & lain, 2012). The
physical part is, however, not completely disregarded, for the composition of the
pore forming particles is also studied inside this approach. Parameters such as
distance between different pores, their sizes, shapes, conditions, are studied for
determining the involvement they have in the soil functions.

The methods for characterizing the pore space of a soil can be divided into indirect
methods and direct methods. A, third and theoretical way of studying the soil pore
structure is with the use of network models, which are an idealized representation
of the geometrical characteristics of porous media (VVogel, 2000).

Indirect Methods for studying pore space

The indirect methods refer to the study of the pore space without a direct
visualization of it, but with the use of probe molecules to infer its bulk
characteristics. Mercury porosimetry has been used for decades for this purpose and
it consists in the introduction of mercury into the soil sample, followed by a pressure
application so that the mercury penetrates the pores of the soil. The characteristics
of the pore space are then calculated based on the pressure applied and the volume
of mercury introduced (Van Brakel et al., 1981). One of the advantages of this
system is the wide range of pore sizes that can be covered in a single run (Rabot et
al., 2018). However, facts such as the drying of the soil before analysis likely
changes the original pore space, or that the largest entrance toward a pore is
measured instead of the actual size of the pore, are some drawbacks to this method
(Rabot et al., 2018; Van Brakel et al., 1981).

The correlation between the soil water content and its matric potential can also be
used as a method for inferring the pore space characteristics of a soil. This method
is based on the water retention curve of a soil and the different indicators derived
from it. A soil with many large pores will show a retention curve that drops rapidly
its volumetric water contents under high matric potentials, whereas a soil with fine
pores retains water even at high matric potentials (Nimmo, 2013). However, when
the water retention curve is in the dry range of a soil, this method is prone to errors
that can be partly compensated by considering the relative humidity or osmotic
equilibrium of the soil (Rabot et al., 2018).

Using gases is another way to study indirectly the pore space of a soil. This can be
done by using gas as the mobile phase to determine the pore space properties of a
soil derived from isotherm or model applications (Zachara et al., 2016). The gases
used are generally dinitrogen (N.), carbon dioxide (CO), or water vapor, which are
introduced in a small soil sample (between 1 to 5 mm columns) (Rabot et al., 2018).
After being degassed, the samples are subjected to a fixed pressure of the gas in use.
The introduced gas forms monolayers at first and then multilayers against the pore
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walls. Micropores are the first pores to be filled because the interaction between the
gas and the pore walls is higher (Lowell et al., 2004). Mesopore and macropore
filling needs more pressure because multilayers need to be formed, thus relying not
only on the interaction of gas to pore walls but also on interaction of the gas with
itself(Sing, 1985). The amount of adsorbed gas is calculated using the difference in
pressures before and after equilibrium. The range of pores that can be characterized
in size are between 1 and 200 nm in diameter (Darbyshire et al., 1993).

Direct Methods for studying pore space

Direct methods are the ones that allow the characterization of the pore space by
direct visualization of it. The strength of these techniques is that they allow a
characterization of the morphological and topological features of the pore space.
Among the direct methods are the optical (electron) microscopes, which can
visualize the pore space directly in thin sections of a sample (Bruand & Cousin,
1995; Pagliai et al., 2004). Other methods allow characterization of the soil pore
space without thin sectioning, by using radiation that passes through the sample
followed by a digital 3D reconstruction. These methods are, namely, X-ray
tomography, gamma-ray tomography, neutron tomography, and nuclear magnetic
resonance imaging (Cnudde & Boone, 2013; Pires et al., 2005; Pohlmeier et al.,
2008; Schaap et al., 2008). The studied pore size limit depends on the resolution
of the scan (Wildenschild et al., 2002). A further segmentation, using the obtained
image contrast, allows identification of the different phases, namely: air, water, soil
matrix, roots, gravel.

These approaches have nonetheless some drawbacks such as the necessity of
expensive equipment, possible introduction of artifacts during sample preparation,
and lack of standard protocol for digital segmentation. This last one produces
significant differences in the proportion of the phases of the soil depending on the
type of segmentation used (Baveye et al., 2010).

Pore space and soil organic matter

The pore space characteristics of a soil have been suggested to be crucial for the fate
of the SOM. The challenge is, however, to know what type of spatial arrangements
or characteristics influence SOM and soil functions. An example of this challenge
is the unclear and sometimes contradictory role of the bulk soil porosity in
determining soil functions. Experiments using medical X ray scans suggest that it is
more important to know parameters that describe connectivity or presence of
obstacles, rather than bulk porosity when describing air, water, and solute transport
through soil (Katuwal et al., 2015). In the same line are the results of Larsbo et al.,
(2016) and of Paradelo et al., (2016), that show that SOM content was not correlated
with the total imaged porosity. Also, bulk macroporosity measurements derived
from CT images could not predict spatial characteristics of a pore space, such as its
tortuosity, which is thought to be relevant for soil processes(Katuwal et al., 2015).

21



Therefore, bulk porosity per se seems not to provide enough information about soil
functions and SOC turnover.

The pore size distribution of a soil, rather than its bulk porosity, has also been
studied in relation to SOM fate. Concentrations of SOM have been found to be
linked to the volume of the pores that surround it, especially the smaller ones. For
instance, the SOM content of a soil was found to be correlated with the volume of
the pores below 0.6 mm, but not with the pores bigger than 1.2 mm(Larsbo et al.,
2016). Complementary, Ananyeva et al., (2013)found that the correlation between
porosity and total carbon content in studied soil aggregates was positive for pores
between 15 and 37.5 um and negative for pores between 37.5 and 67.5 um. Also,
Toosi et al., (2017)found in soils of different land management that the abundance
of pores below 32 and above 136 um was positively correlated with FTIR indicators
of low decomposable OM. There seems to be, thus, a link between SOC stabilization
and the number of small pores in the soil.

The correlation between pore space of a soil and SOM is likely to go on both
directions, meaning that SOM can also have a feedback on soil porosity. For
instance, high concentrations of organic carbon in soils were linked to an increase
in the arrival time of a tracer through those soils, indicating the presence of weak
preferential transports(Larsbo et al., 2016). This correlation might be occurring
because having weak preferential transports allows new nutrients to be distributed
through the whole pore space, preserving the carbon concentrations inside it.

Not only the pore size has been under scrutiny when studying the link of pore space
and SOC, but soil aeration, or the access of pores to air, has also been pointed as a
crucial factor for soil processes related to SOM. For instance, Naveed et al., (2014)
found that fertilized soils have a better aeration compared to non-fertilized soils,
which could be attributed to a higher number of macropores, higher gas diffusivity
and air permeability, and the higher connectivity between pores in fertilized soils
compared to non-fertilize ones. This has been supported by analysis of soils that
show a positive correlation between connectivity of the pore network and macro
porosity which might promote aeriation(Paradelo et al., 2016). Aeriation, or the
access of pores to the atmosphere has been shown to be crucial for organic matter
mineralization. This was evidenced by Kravchenko et al., (2015)who found that
pores connected to atmosphere tend to lose more particulate organic matter
compared to other pores. It seems, thus, that the access of the pores to air is a crucial
factor that might promote SOM mineralization, if well connected, or SOM
preservation if not connected to air.
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Microfluidic models

One of the challenges with studying soil is the difficulty of visualizing the processes
that occur inside it in real time. A way to tackle this challenge is by studying such
processes wit