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ABSTRACT

The conventional approach in geotechnical engineering often overlooks the upper soil layers,
which are teeming with a diverse array of organisms. Most of the theories of soil mechanical
behaviour were developed for water-saturated unstructured (unaggregated) soils, while properties
of structured unsaturated upper soil layers are less predictable due to the influence of biota and
climate. With a growing demand for sustainability and nature-based solutions, it is useful to
incorporate in design considerations that soil is alive and analyze how soil-inhabiting organisms
may contribute to its mechanical properties on different spatial and temporal scales. Plants are the
main producers of organic matter in the form of root exudates, dead roots, and litter accumulation,
while heterotrophic soil-inhabiting bacteria, fungi and fauna are main consumers interconnected
in food webs. Plants significantly influence soil mechanical properties through the structural
reinforcement provided by roots. Mechanical effect of roots on the shear strength of soil is
considered in geotechnical applications for slope stability improvement. Roots are known to
change and affect soil hydraulic properties. Less is known regarding the effect of root exudates.
Here we suggest that root exudates may either glue or lubricate the contact between soil particles
based on the stage of growth of the plant and provide preliminary results to answer this question.

INTRODUCTION

The effect of soil biota on soil mechanical properties has historically been neglected by
geotechnical engineers: most theories of soil mechanical behavior were developed for water-
saturated unstructured (unaggregated) soils (e.g., Schofield and Wroth, 1968). On the other hand, soil
scientists and soil biologists often see soil physical characteristics as a framework for microbial
and plant life. With a rise in demand for sustainable and nature-based solutions, it is crucial to
make room for interdisciplinary collaboration between soil biologists, plant scientists and
geotechnical engineers and incorporate in design considerations that soil is alive. This means
considering a two-ways interaction between soil inhabitants (microbes, fauna and plant roots) and
soil itself, since living conditions depend on soil properties and soil biota carry an impact on their
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surroundings. In the recent past, the growing role of geotechnics in engineering vegetated slopes
has significantly expanded the understanding of the multi-faceted role that plants have in slope
stability (Ni et al. 2018; Murgia et al. 2022; Li et al. 2023). However, there remains a tendency to
consider these complex systems as frozen in time with respect to living components, and a general
overlooking of soil biota contribution to its mechanical properties on different spatial and temporal
scales.

The upper soil layers are teeming with a diverse array of organisms with different
functions. Their presence and activity alter soil structure in different ways. Bacteria are involved
in organic matter processing and biofilm formation on soil particles (Mitchell and Santamarina,
2005). Fungi physically bind soil aggregates (Salifu et al. 2024) and are capable of mineral
weathering (Lehmann and Rillig, 2015). Soil fauna, through their burrowing activities, alter pore
size distribution and the hydrogeological regime (Barbosa and Gerke, 2023). All the mentioned
groups interact with plants that are the primary producers of organic matter in the form of root
exudates, dead roots, and litter accumulation. Plants significantly influence soil mechanical
properties through the structural reinforcement provided by roots, affecting soil's shear strength
and hydraulic properties.

While mechanical effects of roots presence are relatively well studied and employed for
slope stability improvement, there is little research elucidating the role of root-excreted substances,
or exudates on geotechnical properties. The chemical composition of these substances can be
divided into water-soluble light-weight organic molecules (e.g. sugars, amino and organic acids)
and high-weight organic molecules (e.g. polysaccharides and proteins). According to Kuzyakov
and Domanski (2000) the majority of root-excretion consists of water-soluble light-weight organic
molecules (up to 80%), and only a small part consists of high-weight organic molecules like
proteins and polysaccharides. While root exudates encompass all compounds excreted by roots in
most published research (including this work), some works refer to light-weight molecules as root
exudates and distinguish high-weight organic molecules referring to them as mucilage, because
they persist longer before being biodegraded.

While it is agreed that the exact composition (proportion between different organic
molecules) of exudates and amount vary between plant species and depend on plant age and its
growing conditions (soil type, density, and water content), limited knowledge is available from a
botanical point of view. One reason is that root excretion accounts for up to 1-2% CO: fixed by
the plant, which means they are produced in relatively small amounts, and furthermore it
biodegrades rather fast; both aspects making it hard to sample and study (Oburger and Jones 2018).
Nguyen (2003) provides a comprehensive review of root exudation patterns. Plants release as
exudates from 0.0004 to 1.2% of root dry mass per day.

In non-sterile soils, the quantity of exudates is higher compared to sterile soils, which
highlights exudation’s importance for plant-microbe interactions. Soil texture affects the quantity
of exudates: it is higher in fine-textured soils. However, this can be explained by a general
correlation between soil texture and its bulk density. According to Pandey and Bennett (2024),
higher soil density leads to an increase of the root mucilage amount, together with changes in root
morphology (thick and more branchy roots with sharper tips and with more dense root hair).
Furthermore, Zhang et al. (2023) discuss that in compacted soils, specific components in root
exudates may increase growth of beneficial bacteria to improve plant nutrient uptake (for example,
phosphorous and nitrogen).

One of the functions that root-excretions have is to protect the root tip with a biofilm during
penetration through soil, and Jiang et al. (2023) suggest that these act as a lubricant promoting soil
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deformation. According to Nguyen (2003), root-exudates associated with root penetration consist
of high-weight organic molecules and they have the function of protecting the root tip and ease its
penetration by having root cells detaching in the process. Furthermore, exudation peaks on the 4"
week of plant growth and then reduces with plant age in the case of annual plants.

Figure 1 shows the hypothesized life-cycle of a plant root and its rhizosphere based on
these studies. Figure 1A shows a soil element, which even in absence of vegetation cannot be
considered barren and contains living and/or dormant microbes. Their distribution is however not
entirely random as their presence is a legacy from previous successional processes, which may
affect their distribution. As the root grows into the soil (Fig. 1B) its tip is covered with a mucilage
film. Behind the tip, root exudates are produced along root hairs, which become microbial hotspots
for growth compared to the surroundings (Fig. 1C). The bacteria and fungi present in proximity of
roots (i.e. in the rhizosphere) feed on the root exudates and in the process, they provide mineral
nutrients to the plant, which are otherwise inaccessible. Késtner et al. (2021) showed that around
half of the carbon in root exudates was released again as gas during microbial metabolism. Granted
that root growth is towards water and nutrients, microbial activity hotspots follow the root tip
growth. However, while bacterial colonies move (mostly or almost exclusively) by directional
growing, fungi also grow towards nutrients but remain alive along the whole hyphae length
therefore having a more widespread and continuous impact on soil. Furthermore, they tend to make
a greater contribution to mineralization of carbon compared to bacteria. When nutrients or water
are no longer available locally and the root grows further, the older parts of the root stop producing
exudates and thus substrates’ supply for microbes stops at these locations. As a consequence, the
microbial biomass there gradually reduces and transforms into microbial necromass (Fig. 1D).
Kaéstner et al. (2021) showed that this microbial necromass represents inaccessible organic matter
and therefore it persists as a legacy of life in the lower soil horizons. In particular, their studies
showed that most of it (90%) consists of proteins and the remaining of lipids. Soil science literature
(e.g. Rillig and Mummey 2006) generally agrees that this combination of microbial necromass and
weaving of fungi hyphae are considered to be responsible for soil aggregation, which suggests that
root exudates (or their processed form) may overall act as a glue between particles providing a
beneficial effect to soil stability again erosion and/or overall deformation. Finally at a different
time scale, when the plant and/or its roots stop living, decomposition starts renewing microbial
activity (Fig. 1E). However, different microbes are responsible for this process, and they act a
slower pace.

A key research question from a geotechnical point of view is therefore to identify the
conditions leading to exudates acting predominantly as a binding or lubricating agent, as soil
aggregation versus dispersion has consequences on shear strength, hydraulic conductivity, and
water retention capacity. This article sets forward a methodology to investigate this question and
some considerations obtained from preliminary results.

METHODOLOGY

Two test types were performed: 1) a pot experiment in a controlled laboratory setup, 2)
direct shear tests with different pore-fluid viscosity. To simplify conditions a monomineral
uniform sand was selected, which may be representative of sand found in aeolian dunes. The sand
is a 99% Si0:2 quartz uniform sand (coefficient of uniformity, cu= 2, and coefficient of curvature,
cc= 1) with mean grain size Dso = 0.31 mm and 0.18-0.50 mm overall size range, representative
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of aeolian sand dunes in the west coast of Denmark. The sand is sold by Dansand as inert, meaning
that it is sterilized by water rinsing and drying at 300°C.
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interaction during root growth and after root death. A. Initial state: soil particles, semi-
randomly distributed dormant (or dead) and active bacteria; B. Root growth begins
(duration: several hours to days): soil particles are locally compacted due to root
penetration, excretion of root mucilage; C. Root growth continues (duration: days): root
hairs form along the root and start exudating, microbial hotspots are formed. D. Root
growth continues (duration: weeks to months): microbial hotspots move along behind the
root tip following root hair formation, locally microbial biomass declines and eventually
turns into necromass, microbial-transformed organic matter enhances aggregation; E.
Root death and decomposition (duration: months to years): microbial decomposition starts,
associated microbial hotspots are less active.

The pot experiments aimed to investigate the dynamics of root exudation and its
consequent effect of various soil mechanical parameters. Polyvinilchloride (PVC) pipes were
selected for pots where plants can be grown and tested directly. These pipes had 104 mm inner
diameter and were cut to form pots with varying heights: 200 mm for pullout tests, two halves 100
mm tall each for direct shear, and 250 mm for hydraulic conductivity. Each pipe was closed at the
base with a 40 mm plastic cap to form a pot. This cap was filled with loose gravel (0.18-0.50 mm
particle size) to a height of 20 mm. Two layers of geotextile and one layer of filter paper were
placed above it before assembling the pot, which was adjusted to be horizontal using a spirit level.
The sand was then placed into the pot by pluviation to provide a loose state. After planting, the
pots were watered daily with 200 ml of water, where NPK fertilizer was applied every 2 weeks for
the first 6 weeks. A light source was placed at an average distance of 150 mm above the growing
plants, providing 16 daylight hours and 8 night hours.

Willow (Salix sp.) was used preliminarily as a testing plant due to its sturdiness and fast
growth, which are the same reasons it is used as a colonizer in coastal areas (Markus-Michalczyk
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2019; Ri et al. 2020). Branches with diameter 11-16 mm were sampled from a 15-years old willow
plantation property of the Technical University of Denmark at Risg. These branches were cut to
the length 180 mm and then placed upright in buckets of water for one week for root buds to
develop. Afterwards they were planted by placing them at the center of the mold to a depth of 90
mm from the top of the sand surface.

To investigate the root exudate effects, chemical and microbiological properties of the sand
were measured (in total 3 depths from 4 pots per sampling time) at 30, 60, and 90 days. These
included measuring total organic carbon, water-extractable organic carbon (as a proxy for root
exudates amount), and DNA concentration. Microbial biomass and activity are also measured,
together with characterization of soil bacterial and fungal communities by sequencing of gene
libraries.

In parallel, the tensile strength of roots, the plant pullout force, direct shear tests of the root
soil, and saturated hydraulic conductivity were measured. A total of 78 pots were prepared with
four (4) replicates including control set ups for each test and for a given period. However, in the
pot experiment, the effects of roots presence and microbiological activity were inevitably
combined with root exudates effects. Therefore, direct shear tests were additionally performed to
investigate the influence of modelled root exudates. Because the root exudates mostly consist of
water diluted sugar, which changes the viscosity and chemistry of the pore fluid, these tests were
performed with a 20% concentration solution of sugar in deionized water (i.e. exudates analogue)
to saturate the sand. In addition, tests were performed using deionized water for comparison (i.e.
control). While Naveed et al. (2017) mention that sugar-enriched solutions are commonly used for
mimicking root exudates, this concentration exceeds that of root exudates and it is closer to the
dissolution limit. The reason for choosing it was to increase the difference in viscosity of the fluids,
yet it was not possible to confirm this experimentally within the resolution of the viscosimeter
available.

The tests were conducted using a circular 63 mm-diameter shear box, which was split
horizontally at mid-height into two halves, while imposing constant horizontal movement at a rate
ensuring drained behavior (1 mm/min). The specimens were prepared by saturating the sand with
the respective fluid prior to placing it in the shear box. The carriage housing the shear box was
then filled with the same solution to ensure saturation throughout the test. The tests were conducted
under normal stresses of 50, 100, 200, and 400 kPa.

PRELIMINARY RESULTS

Figure 2 shows a slight increase of total organic carbon (TOC) and water-extractable
organic carbon (WEOC) with the plant growth from day 30 to day 90 in the pot experiments. The
ratio between WEOC and TOC decreases with time, which can be interpreted as root exudates
consumption and their transformation to microbial biomass. DNA concentration varied from 1.5
to 4.5 mkg/g of wet soil, and there was no clear trend observed. Figure 3 shows the stress strain
curves obtained from direct shear tests, which do not indicate any particular pattern of behavior in
relation to the saturating fluid. Figure 4 shows the shear strength values at critical state. The same
angle shearing resistance (32.6°) is obtained regardless of saturating fluid indicating that the same
Mohr-Coulomb failure criterion applies. This confirms that the fluid viscosity and chemistry of
the fluid do not influence the strength measurements in saturated conditions, when using inert
mineralogy, and provided drained behavior occurs.
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Figure 2. Average concentrations of total organic carbon (TOC), water-extractable organic

carbon (WEOC), and proportion between WEOC and TOC in sand from pot experiments

at different sampling days. Error bars represent standard deviation for values obtained for
4 pots in each sampling days.

DISCUSSION

Naveed, Brown et al. (2018) compared the impact of exudates of three plants, barley, maize
and chia seeds on soil strength through indentation tests. They concluded that the action of root
exudates on soil strength is plant- and time-dependent: barley root exudates initially decreased the
strength, but after decomposition of exudates it increased, while the effect was the opposite for
maize and chia seeds. Based on more recent reviews (Naveed et al. 2018; Xiao et al. 2024), root
exudates enhance microbial growth and biofilm formation, which contribute to soil aggregation.
Research investigating the impact of organic matter on soil aggregation dates back to pioneering
studies by Gibbs (1983), who qualitatively assessed flocculation effects of organic matter on clay
minerals. Recent studies rediscovered some of these findings, highlighting the mediating role of
bacteria (Joo et al. 2023). From a quantitative point of view, aggregate stability has been postulated
to correlate to viscosity of clay suspensions or pure organic matter, so that viscosimetry is one of
the main techniques employed when investigating root exudates. The presence of organic matter
has been identified as responsible for modifying pH and thus interacting with the electrostatic and
steric forces between clay particles. Therefore, the prevalence of aggregation (e.g. Naveed et al.,
2017) rather than dispersion (e.g. Tartchitzky and Chen 2002), is determined by clay mineralogy
and chemistry of the organic matter.

While findings are generally extrapolated to infer the effects of root exudates on soil
aggregation, clay aggregation of suspensions is far from the environment where plant roots grow.
Furthermore, long term aggregate stability requires water resistance, which cannot be measured
by viscosimetry. The preliminary results also show that changes in the pore fluid viscosity caused
by the presence of exudates do not lead to any change in measured soil strength. Furthermore, the
limitation of many studies (including this one) is the use of synthetic components instead of root
exudates. A future step in the research is to utilize the exudates rich soil from the pot experiments
and recompact it for testing after having removed the roots to separate the role of exudates on
mechanical and hydraulic properties.
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Figure 3. Comparison of shear stress curves for sand saturated with deionized water and
root exudates surrogates, respectively.
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Figure 4. Comparison of strength envelope at critical state for sand saturated with
deionized water and root exudates surrogates, respectively.

CONCLUSION

Root exudates act as an interface between soil microbes and plant roots, thereby playing an indirect
role in soil mechanical and hydraulic properties and their evolution in time. Existing studies
highlight a lack of extensive knowledge about the factors affecting root exudates composition and
release, and therefore their exact influence on the mentioned soil properties. The hypothesis set
forward in this study was that plants excrete lubricative exudates in the earlier growth stage when
most roots are young. Afterwards biodegraded root exudates are prevalent, and these have a
binding effect. Preliminary tests of the chemical measurements performed on sand when affected
by roots’ growth sampling at different times intervals (30, 60, and 90 days) show that the observed
concentration of water-extractable organic carbon, which is a proxy for exudates, is very limited
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but constant over time. However, total organic carbon increases with age, which indicates a
significant amount of exudates is being transformed into soil organic matter. This aligns with
previous findings. With respect to their effects on shear strength, no difference was observed when
performing direct shear tests where a root exudates analogue (i.e. a deionized water diluted sugar
solution) or deionized water were used as pore fluids. While it is possible that in partial saturation
conditions a difference might be detected, the effective strength parameters were the same and
therefore it is concluded that exudates do not appear to have a lubricating effect under saturated
conditions. With respect to the binding function, the analogue used did not contain any added
microbes and the time between preparation and testing was such that no transformation of the
sugar could occur from any microbe entering the specimen from the surrounding environment.
Further testing with added microbes is required to verify binding effects.
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