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Résumé

La séquestration du carbone (C) fait I'objet d'une attention scientifique et politique croissante dans le
cadre de la réduction des gaz a effet de serre. Cependant, les sols géotechniques ont été négligés en
raison de leur potentiel de séquestration du carbone, et I'attention mondiale étant concentrée sur les
sols agricoles et naturels. Dans le présent projet de thése, nous visons a évaluer le potentiel des talus
géotechniques comme puits de carbone et, par I'étude des espéces végétales et des sols présentant
des caractéristiques contrastées, a mettre en lumiere les mécanismes de séquestration du carbone
organique et les roles des différents acteurs impliqués. Nous visons non seulement a quantifier le C
gagné et perdu dans le sol, mais aussi son origine (nouveau C frais et ancien C préexistant) et comment
il est réparti dans différents pools de C qui montrent une stabilité du C différente (qualité du C stocké).
Tout d'abord, nous avons évalué la séquestration du carbone dans différents pools de carbone sous
un sol semé de 12 espéces herbacées différentes dans une expérience de 10 mois. En évaluant les
différentes caractéristiques des racines, nous nous sommes concentrés sur leurs corrélations avec le
stockage du C dans différents bassins de C du sol.. Nous avons montré que les especes dont les
caractéristiques racinaires sont associées a une production élevée de C labile entrainent une
augmentation plus élevée de C dans le pool stable de SILT+CLAY (<20um). Les espéces dont les traits
racinaires sont associés a un faible apport de C récalcitrant favorisent plutot I'accumulation dans la
fraction POM instable. Ensuite, grace a une expérience de marquage isotopique stable de 183 jours
(CO, constamment enrichi en 3C), nous avons pu étudier la dynamique du C dans différents pools de
C sous deux especes (Lolium perenne and Medicago sativa) sur deux sols (terre végétale, profondeur
0-30 cm et sol remonté, profondeur 110-140 cm) aux caractéristiques opposées. Nous avons mis en
évidence le grand intérét de faire le pont entre I'origine du C et les pools de C lors de I'étude des destins
du C du sol, ce qui permet de dévoiler des processus que les méthodes plus traditionnelles cachent. Le
nouveau C et l'ancien C présentaient une covariation synergique, avec des pertes plus faibles de
I'ancien C associées a de nouvelles entrées de C plus élevées. Une part plus importante de nouveau C
utilisé par les communautés microbiennes comme substrat peut expliquer ce comportement
synergique. La théorie d'une plus grande quantité de nouveau C minéralisé par les communautés
microbiennes a également été validée par I'étude de "priming effect" et de la respiration du sol, qui a
montré que la concentration de C provenaient par le plantes dans le CO; inhalé par le sol était plus
élevée lorsque l'apport de C par les plantes était élevé, au contraire augmentant la concentration de C
provenaient par la minéralisation de I'anciennes C lorsque les input de C par le plants étaient faibles,
c.-a-d. en sous sol.. Nous avons observé de nouveaux apports significatifs de C d'origine végétale dans
la fraction SILT+CLAY (<20um, trés stable). Ces résultats viennent étayer le réle des communautés
microbiennes dans la consommation et le transfert de C dans cette fraction fine protégée sous forme
de nécromasse et d'exopolysaccharides, comme le confirment les fortes corrélations positives
constatées entre I'activité microbienne et I'augmentation de C dans la fraction SILT+CLAY.. L'effet de
I'espece s'est produit principalement sur les intrants de nouveaux C, mais il a été maitrisé par I'effet
du sol, avec un stockage de C plus faible dans un sol de faible qualité (faible activité et biomasse d'azote
et microbienne). En général, les conditions microbiologiques ont été le principal moteur de la nouvelle
accumulation de C et de l'ancienne perte de C et ont aidé a expliquer pourquoi aucun effet de la
saturation en C du sol - une théorie centrale dans des études récentes sur la séquestration de C-n'a
été trouvé dans le carbone protégé. Cette compréhension fondamentale des interactions plantes-sol
nous aide a mieux optimiser la gestion des sols et de la végétation pour la revégétalisation des talus
des routes.



Abstract

Carbon (C) sequestration is receiving increasing scientific and political attention in a framework of
greenhouse gasses mitigation. However, geotechnical soils have been neglected for their C
sequestration potential, with the global attention focusing on agricultural and natural soils. In the
present thesis project, we aim to assess the potential of geotechnical embankments as C sink, and,
through the study of plant species and soils showing contrasting features, shed light on C sequestration
mechanisms and the role of the different actors involved. We aim not only to quantify the C gained
and lost in soil, but even its origin (fresh new C input or old preexistent C) and how it is partitioned in
different C pools characterized by different C stability (quality of stored C). First, we evaluated the C
storage in different pools under soil sowed with 12 different herbaceous species in a 10 months
experiment. Assessing different root traits we focused on their correlations with C storage in different
soil C pools. We showed how traits linked to high labile C are linked to a higher C increase in the stable
SILT+CLAY pool (<20um). Root traits related to a low input of recalcitrant carbon, instead, favor
accumulation in the unstable POM fraction. We designed a 183 days stable isotope labelling
experiment (CO, constantly enriched with 3C) and we were able to study the C dynamics in different
C pools under two species (Lolium perenne and Medicago sativa) sowed on two soil (topsoil, 0-30cm
depth and subsoil brought to the surface, 110-140 cm depth) showing contrasting characteristics. We
evidenced the importance of bridging C origin and C pools when studying soil C fates, allowing
unveiling processes those more traditional methods would hide. New C and old C showed synergetic
covariation, with lower old C losses associated to higher new C inputs. A higher share of new C utilized
by microbial communities as substrate can explain this synergetic behavior. The theory of a higher
amount of new C mineralized by microbial communities was also validated with the study of priming
effect and soil respiration, that showed higher plant derived C in respired CO; when plant C input was
high, while increasing old C mineralization when plant C input was low, i.e. in subsoil. We observed
significant plant derived new C input in the SILT+CLAY fraction (<20um, highly stable). These results
are supporting evidences for the role of microbial communities in consuming and transferring C in this
protected fine fraction in form of necromass and exopolysaccharides, as confirmed by the strong
positive correlations found between microbial activity and C increase in SILT+CLAY fraction. The
species effect mainly occurred on new C input, but it was overpowered by the soil effect, with lower C
storage in low quality soil (low nitrogen and microbial biomass and activity). In general, microbiological
conditions were the main driver for new C accumulation and old C loss, and helped to explain why no
effect of soil C saturation — a central theory in recent studies on C sequestration - was found in the
protected carbon. Such fundamental understanding of plant-soil interactions helps us to better
optimize soil and vegetation management for road embankment revegetation

Vi
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1.1.CONTEXT

Soil holds the second largest terrestrial carbon (C) pool (1500 to 2400 GtC to a depth of one meter,
IPCC 2014; Adams et al. 1990; Anderson 1992; Eswaran et al. 1993; Batjes 1996) with possibly another
900Gt at a depth of 1-2 m (Batjes 1996, Jobbagy et al. 2000), after the lithosphere but in front of
vegetation (350 to 550 GtC, mainly in forests) and atmosphere (829 GtC, IPCC 2014). Soil shares the
common interface with all the other spheres and thus plays a key role in driving the global C cycle. How
to prevent C loss from soil and how to sequester more C into soils has become one of the most
important scientific and political quests in global change biology (Sauerbeck 2001; Lal 2004). The
European Union is actively involved in this issue, and the topsoil soil organic C content is an official
indicator for the EU sustainable Development Goals (EU-SDG, 2018), leading to the funding and
supervision of several programs focused on soil conservation and soil C increase. Some examples,
among others, that involve assessment of soil organic carbon and potential sequestration, showing the

interest and importance of this topic, are the CIRCASA project (https://www.circasa-project.eu/),

LANDMARK project (http://landmark2020.eu/), iSQAPER project (http://www.isqaper-project.eu/),

and LUCAS project (https://esdac.jrc.ec.europa.eu/projects/lucas), all funded in the framework of

Horizon2020. The FAQ is also involved in numerous projects focusing on soil health, that among other
things underline the importance of soil C increase for climate change mitigation, like GSOCmap

(http://54.229.242.119/GSOCmap/) or the Intergovernmental Technical Panel on Soils (ITPS)

(http://www.fao.org/global-soil-partnership/intergovernmental-technical-panel-soils/en/). Similarly,

on a national basis, different projects have been developed focusing on the potential of soil C storage
for climate change mitigation. One of the most striking examples is the 4p1000 initiative

(https://www.4p1000.0org/), launched by France on 1 December 2015 at the COP 21, stating that

increasing by 4 %o the soil C stock in agricultural soils would completely remove the excess of CO; in
the atmosphere produce by anthropic actions. However, studies on strategies of C sequestration in
soils are mainly limited to “green systems” (e.g. forests, grasslands, plantations, croplands, wetland

etc.), where the soils are considered to be or potentially to be, a C sink. We argue that, in anirrevocable
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era of industrialization and urbanization, soil in “grey systems” connected with geotechnical
infrastructure industry must be taken into consideration for soil C sequestration. There are two main
reasons for that: i) the high environmental impact of geotechnical industry, in particular on CO,
emissions, that needs to be mitigated, and ii) the drastic increase of geotechnical infrastructures, in
particular road and railroads, which means that soils connected to geotechnical infrastructures can no

longer be ignored for their potential ecosystem services, among which is soil C sequestration.

1.1.1. Impact of geotechnical structures on greenhouse gasses emissions and TERRE
project
It is well known how construction activities and practices commonly related to geotechnical

engineering have a high environmental impact, negatively influencing climate change, soil sealing,
erosion, deforestation, desertification, ozone depletion and general air/water/soil pollution (Kibert
2008; Misra and Basu, 2011). Regarding the impact of these practices on CO, emissions, numbers can
vary according to different sources, but there is general agreement that construction and
infrastructure have a high impact on global greenhouse gas emissions. Global CO, emissions from
construction work are attested in a range of 25-40% of the total CO, emissions (Dixit et al. 2010,
O’Riordan et al. 2011). It is well established among researchers, policy makers and practitioners how
a switch towards sustainable geotechnical solutions is not only desirable but absolutely vital to face
the challenges of climate change mitigation, and to move toward a sustainable future (Dejong et al.,
2011; Misra and Basu, 2011; Gallipoli and Mendes, 2017). In this optic, the current thesis is financed

by the Marie Sktodowska-Curie Innovative Training Networks (ITN-ETN) TERRE (http://www.terre-

etn.com/): Training Engineers and Researchers to Rethink geotechnical Engineering for a low carbon
future. The aim of the TERRE project is to develop new geo-technologies to address the challenge of
a low carbon impact European construction industry. In the TERRE action, multiple interdisciplinary
projects have been developed under a wide umbrella of practices: optimization of energy requirement

for construction, role of plants to increase soil stability via root reinforcement and hydraulic suction,
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new low C impact materials for construction, etc. The present thesis project aims to investigate the

role of geotechnical embankments as C sinks.

1.1.2. Road and railroad development
In the last decades, highways and railroad systems have dramatically increased their surface. Especially

in developing and emerging countries, major investments have been made to increase and expand the
infrastructure systems, since connections among countries and cities are one of the fundamental
aspects of economic growth. Globally, the railroad system increased its length by 100000km in the last
year (https://data.worldbank.org/topic/infrastructure). The Chinese public roads passed from 3.5 to
4.8 million km in the last 10 years (http://statista.com). In India, in the last 4 years, the length of the
highways increased by 60000km, and other 200000km of highways are expected to be finished by 2022
(https://www.ibef.org/industry/roads-india.aspx). Another striking example of the massive future
infrastructure development is the China's ‘Belt and Road’ initiative, planning to connect via a complex
system of roads and maritime route, Asia, Africa and Europe. Together with the development of the
Trans-African Highway, consisting of 60000km of highways started in 1971 by United Nations Economic
Commission for Africa and not yet completed, we have a picture of the dramatic increase of the global
infrastructure system. This overview clearly shows how the soils connected with geotechnical work, in
particular with the construction of road and railroad infrastructures (hereafter ‘geotechnical soils’), are
increasingly important and any potential benefits and ecosystem services need to be explored. Road
and railroad embankments play a pivotal role in the interactions between environment and

infrastructure, and a correct design could increase the ecosystem services they can provide.

1.1.3. Development of sustainable geotechnical practices
Efforts to increase the sustainability of geotechnical structures have already been made. Practices

included the use of alternative ecofriendly materials, use of bio-engineering on slopes, reuse and

restauration of older structures, underground energy storage, and use of geothermal energy (Misra
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and Basu, 2011). However, all these practices are based on the reduction of CO, emissions. Such a
framework relies on a passive role of geotechnical structures (new technologies to reduce CO;
emission), but ignoring the potential active role that geotechnical soil can have in reducing

atmospheric CO; concentration via soil organic C sequestration.

1.1.4. Geotechnical embankments: a new hotspot for soil carbon sequestration?
Geotechnical soils present some unique features that could potentially make them achieve efficient

soil carbon sequestration. The main general feature is that geotechnical soils do not present specific
constraints regarding their use. The objective of agricultural soils is the production of food and goods
for direct consumption or to be placed on the market. Therefore, agricultural soils have an “economical
constraint”, and the objective of stakeholders, even in a framework of sustainability, is to increase or
maintain production without depleting soils. In a natural ecosystem, it is possible to talk about an
‘ecological constraint’, in the sense that it is not possible to modify the environment to increase soil C
storage without disturbing the ecological balance and networks of the systems, affecting the health of

the system itself and, ultimately, the ecosystem services that it provides to the community.

Geotechnical soils, instead, are heavily anthropized soils, where the ecological balance has already
been disturbed. Moreover, soils are frequently moved from other areas or dug and brought to the
surface, changing the soil composition, microbiology, fertility and, ultimately, their ecological value.
Vegetation planted on geotechnical soils, especially on embankments, is not used for agricultural
production. Re-vegetation is therefore artificially implanted, and there are few ecological or economic
constraints. These soils and the plants used for revegetation can be chosen and planned to promote
regulating, supporting and cultural ecosystem services, including embankment stability maintenance,
erosion control, noise dissipation, traffic air pollution isolation, biodiversity conservation and
aesthetical effect against driver fatigue. Among these ecosystem services, in particular, we argue that,
contrary to agricultural and natural systems, geotechnical soils can be actively designed for CO,
sequestration. Dejong et al. (2011) advocated the possibility of using geotechnical soils to efficiently
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store C by i) selecting plants that efficiently fix and move C into soil, ii) study different microbial
communities that influence soil C cycle and the potential of inoculation, iii) selection of different soils
with higher potential for organomineral interaction and C protection, and iv) using soil improvers (like
recycled concrete and furnace slag) to increase C sequestration. However, no specific studies have
been implemented to really investigate the C sequestration potential of geotechnical soils and how to
maximize it. Therefore, in this thesis | aim to start investigating the potential for designing efficient C

sequestering embankments, starting with the main issue of soil and plant selection.

1.1.5. Embankment design
When designing an embankment, the structure is based on a core of clay soil compacted according to

a Proctor compaction test, to achieve maximum dry density (Standard Australia, 2003). This compacted
soil core is usually covered with a 30-50 cm layer of uncompacted soil for revegetation (Fig. 1). The
construction and design of the embankment is outside the scope of this research, where only the soil
layer used for revegetation is considered for potential soil C storage. This soil layer is usually stripped
topsoil (= 30cm) collected in the area and conserved, while the clay core is usually subsoil excavated,
mixed and, if needed, adjusted with additional soils or soil improvers to achieve the optimal density
level to support the structure. However, often the layer of topsoil is collected and transported to the
construction site from other fertile areas, with a high impact on CO, emissions (for the transport) and
on environment (for the ecological value of fertile topsoil). We argue that, to improve the sustainability
of the embankments, instead of using valuable topsoil for revegetation, mineral subsoil (> 1m depth)
collected in the area can be prepared and used for revegetation. Compared to stripped topsoil, subsoil
embankments are more economically interesting, but usually demand higher constraints in plant
selection due to their less favorable growing conditions (although recent soil inoculation techniques
can improve this). Herbaceous plants are essential materials for embankment revegetation.

Herbaceous plants usually demand low maintenance cost and intensity, with one or two cuts per year
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to maintain vegetation vigor. The choice of soil (organic topsoil versus mineral subsoil) and vegetation

will deeply influence the potential for C sequestration.

However, to effectively enhance C sequestration in geotechnical soils, a better understanding of the
mechanisms behind the plant-soil C-cycle is necessary. There is a need to understand the influence of
different plants on soil C sequestration and their relationships with soil and microbiological
communities, to allow the design of the best practices for soil C sequestration, in geotechnical and

non-geotechnical soils.

1.1.6. Plants: the primary source of carbon input in soil
Plants act as conduits to transport C from atmosphere to soil (Fig. 2). Plants regulate the uptake and

fixation of CO; in different organic forms via photosynthesis, using water and atmospheric CO; as ‘raw
materials’ and light as an energy source (Chan, 2008). Plants also regulate the input of C in soil via two
main processes: 1) plant biomass from roots and shoots in the form of litter, forming soil particulate
organic matter (POM) and 2) root exudates and other labile C compounds released by roots during

plant growth (Hungate et al. 1997; Lal, 2004) (Fig. 2).

With regard to C input, the first process strongly influencing the C-cycle is C input in forms of residues
derived from vegetation. The selection of plants can considerably influence the C input in soil in terms
of quantity (biomass production) and quality. Biomass production and related amount of C input is not
the only driver for soil organic C accumulation. It has now been observed that the litter quality,
especially regarding the C:N ratio of plant tissues, will strongly influence the decomposability of POM
and its residence time in the soil (Castellano et al. 2015). C from exudates also represents a major
amount of C that plants transfer from the atmosphere to soil (Balesdent and Balabane, 1996).
Estimates vary from more conservative values, such as 5 - 33% of daily photoassimilates (De Deyn et
al. 2008), to 40-60% (Hogberg et al. 2001; Clemmensen et al. 2013; Keiluweit et al. 2015;) to up to 80%

of photosynthetically assimilated C moved in 10 days via exudates in soil (Reid and Mexal, 1977). The
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input from exudates has traditionally been seen as the ‘labile C input’ that is consumed and respired
quickly in the soil system. However, recent studies showed how C protected via organomineral
complexation on minerals and in aggregates mainly derive from plant exudates or microbiological
exudates and exopolysaccharides, that in turn originate from plant labile C input consumption and

complexation (Lorenz and Lal 2005; Six et al. 2006; Cotrufo et al., 2013; Vidal et al., 2018).

In a recent review, Poirier et al., (2018) has argued that the root traits that most influence C
stabilization are those related to chemical composition, root exudation and the presence of symbionts
(mycorrhizas and dinitrogen (N3) -fixing Rhizobium), whereas the role of morphological traits is not yet
clear. More specifically, root traits increasing recalcitrance promote short-term C stabilization by
slowing decomposition rates, but traits that reduce recalcitrance contribute to long-term C
stabilization via the reaction of microbial products with mineral surfaces. Although several studies have
analyzed the link between plant functional traits, microbial activity and C accumulation (Chapin 2003;
Lavorel et al., 2007; De Deyn et al., 2008; Poirier et al. 2018), as yet, no study has focused on how root
growth and specific traits can alter the accumulation and potential persistence of different soil C pools,

that are linked to the physical structure of soil itself (see Cardinael et al., 2015; Fujisaki et al. 2018).

C entering the soil can face two main fates: be consumed by microorganisms and leave the soil pool
via microbiological respiration, or be stored in the soil for different periods of time, often after being

processed by microorganisms.

1.1.7. Microbiological communities: the carbon pump in different soil fractions
Microbiological communities can be identified as a further main actor for the C storage in soil (Fig. 2).

Soil organic C consumption by microorganisms will mainly depend by their substrate use efficiency,
meaning the proportion of the C used by microorganisms for biomass growth or enzyme production
(part of the C stock in soil) and the C respired or mineralized (Lekkerkerk et al., 1990). The balance

between these two fluxes, accumulation in biomass and/or via microbial exudation and loss via
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respiration, will depend on different factors related to substrate quality, (C:N ratio, molecular
complexity, molecular weight and solubility) and the efficiency of different microbiological
communities to degrade organic C in soil (Lekkerkerk et al., 1990, Cotrufo et al, 2013) which can vary
by microbiological abundance, composition and partition between bacterial and fungal communities
(Six et al., 2006). Microorganisms are also mainly responsible for C transformation in soil, consuming
C input of plants in form of exudates or root debris, and ‘pumping’ it into the soil structures and in
contact with mineral surfaces, in the form of microbial exudates and exopolysaccharides (Cotrufo et
al., 2013; Vidal et al.; 2018). This active role of microbes have been formalized by the conceptual
framework of ‘microbial C pump’ by Liang et al. (2017). However, this framework does not consider
the destination of microbial derived C in different soil C pools. When in symbiosis with plants, the C
substrates that are assimilated by microorganisms at the root apex are utilized rapidly for respiration
and growth, or lost as microbial exudates or exopolysaccharides that are used as a substrate for
subsequent microbial communities. Certain microbial species, such as Rhizobium, present in nodules
of N,-fixing species, produce large amounts of exopolysaccharides (Downie, 2010) that can also be

adsorbed onto fine silt and clay particles (Fehrmann and Weaver, 1978).

1.1.8. Soil: responsible for carbon protection
Finally, the last main actor to consider in the determination of the fate of soil organic C is the soil itself

(Fig. 2). The residence time of C is controlled by the protection mechanisms that contribute to stabilize
it (Luo et al. 2004; Jastrow et al. 2005). C in soil can be divided into three main pools: an unprotected
C pool, referring to the labile particulate organic matter (POM) in the soil, a biochemically protected
pool (BPC) (Fig. 3), when Cis moved in soil in recalcitrant forms and is difficult for microorganisms to
consume it, and a physically protected pool (PPC), when C is protected inside aggregates or absorbed
on clay/silt particles and cannot easily be consumed by microorganisms (Fig. 3). The POM and BPC pool
fate depends on the nature of the organic matter and the microbiological communities, as discussed

previously. The PPC is considered to be the most stable C pool, and therefore the most important for
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soil C storage (Rumpel et al. 2012). Regarding the PPC, it is particularly worthwhile to explore the
linkage between PPC and labile C from plants, i.e. C from exudates. Exudates were usually considered
to be immediately consumed by microorganisms and to play a marginal role in C sequestration (van
Veen et al. 1991; Van Geijn et al. 1993; Hungate et al. 1997). This assumption is now questioned by
more recent studies that state that labile soil C compounds are just partially consumed, and dissolved
labile organic C can be protected by soil absorption inside aggregates or on clay and silt (see review by
Kalbitz and Kaiser, 2008). Moreover, it has been demonstrated that microbiological exudates and
exopolysaccharides are the main precursor of organomineral protected C (Cotrufo et al., 2013; Vidal
et al.,, 2018). To understand the fate of C and increase the PPC, the two main mechanisms of C

protection need to be investigated.

1.1.9. Soil structure and carbon physical protection in aggregates
Aggregate protection of C is due to the C physical protection from microorganisms by occlusion of C in

the smaller pores, limiting the gas and nutrient diffusion and, therefore, microbiological activity, and
separating enzymes from substrates on mineral and humic surfaces (O’Brien and Jastrow, 2013).
Aggregates are formed by binding of soil particles by fine roots and fungal hyphae (Tisdall and Oades
1982) and cementation by microbiological and plants exudates, like glycoproteins, polysaccharides,
and mucilage, directly influencing the stability of aggregates (Tisdall and Oades 1982; Caesar-Tonthat
2002; Nichols and Wright 2005).The formation of aggregates is different in regards to their size. Abiotic
factor, such as ligand exchange and polyvalent cation bridging promoted by drying-rewetting cycles
(Bronick and Lal, 2005; Keil and Mayer, 2014), are known to form stable microaggregates.
Microaggregates are then complexed in small macroaggregates thanks to the biotic action and
cementation from microbes that produce extracellular polymeric substances acting as glues to connect
soil aggregates (Blankinship et al., 2016). Fine roots and hyphae of fungi further complex aggregates in
bigger structures thanks to their enmeshing action (Tisdall and Oades, 1982; Blankinship et al., 2016).

The silt and clay particles are connected with the formation of microaggregates, while sand particles
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are mostly associated with macro- aggregates (Blagodatskaya and Kuzyakov, 2008). The stability of
aggregates is an important factor influencing C protection since it will directly influence the
aggregation and disaggregation processes in soils. However, aggregation is a dynamic process, with
aggregates continuously forming and being destroyed by natural cycles and animal or anthropogenic
disturbance (Eyles et al. 2015). Aggregate size is another important characteristic influencing C
protection: Jastrow (2006) states that C turnover is higher in macroaggregates (>212 um) compared to

microaggregates (53-212 um), implying that microaggregates have a higher C protection potential.

1.1.10. Organomineral interactions with fine silt and clay minerals and soil carbon
saturation
The other main mechanism for C protection is organomineral interactions with cations in soil that

decrease the soil C lability (Eyles et al., 2015; O’Brien and Jastrow, 2013). This process can happen
inside aggregates or in loose soil and relies on chemical sorption on mineral surfaces, polyvalent cation
bridging and layered chemical binding on mineral surface, of microbiological products primarily
adsorbed on minerals and covered by exudates (Cotrufo et al., 2015; Kleber et al. 2007; O’Brien and
Jastrow, 2013). The soil potential for organomineral interactions relies on the amount of fine elements
in the soil (especially clay particles), cations of different reactive elements, in particular Fe and Al
(Swanston et al. 2009), and, particularly interesting for this study, C saturation level of the soil. The
concept of soil C saturation has been highlighted after some studies reported no increase of soil organic
Cin soils even after further increase of C input (e.g. Campbell et al. 1991, Solberg et al. 1997, Gill et al.
2002). To explain this behavior of soil, Six et al. (2002) introduced the concept of ‘soil C saturation’,
where it was suggested that the different C pools have different saturation points after which they
cannot effectively store C anymore. The capacity of these pools to store C depends on their nature.
For example, the physically protected C pool relies on the surface area of particles, meaning that after
the available areas are occupied by adsorbed C and further C input will not be associated anymore and

therefore not protected (Six et al. 2002). This concept was further elaborated by Stewart et al. (2007),
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who stated that the soil C pool can be saturated with respect to the C inputs and that a linear model
cannot efficiently describe the input-storage behavior of a soil (Fig. 4). In this respect, Stewart et al
(2007) conclude that a soil poor in C, can store C more efficiently than a soil rich in organic C and,
therefore, closer to its C saturation threshold (Fig. 4), depending on the content of clay/silt of the soils,
the aggregation capacity, and their adsorption capacity. Several studies suggested that subsoil might
protect C more efficiently in fine soil fractions due to lower C saturation that increase the possibility
for organomineral interactions (Rasse et al., 2005; Lorenz and Lal 2005; Thomas et al. 2007; Horrocks
et al. 2010;Rumpel et al., 2012). However, to our knowledge, no studies focused on the potential of

subsoil revegetation and the influence on the C-cycle and organomineral interactions.

1.1.11. Soil carbon pools associated to different soil fractions
When analyzing C content in soil, it is difficult to assess the different pools of C present in the soil and

their protection (biological protection determined by recalcitrance or physical protection from
aggregate occlusion or organomineral interactions). A method commonly used to assess C protection
in soil is to fractionate the soil and analyze the C in each fraction (Fig. 5). These soil C pools relay on
different protection mechanisms, and the degree of stability increases with decreasing fraction size.
These pools are defined as: i) coarse particulate organic matter (coarse POM, soil fraction > 200um)
(Fig. 5a), that is free in the soil at different levels of degradation ii) fine POM (soil fraction 50-200um)
(Fig. 5b), that comprises organic C occluded in soil aggregates. These two pools are mostly derived
from the decomposition of roots and shoots (Kogel-Knabner, 2002) and their C protection from
microbial consumption relies mainly on the recalcitrance of their lignocellulose C structures (Six et al.,
2002). Finally, iii) C protected in the coarse silt (20-50 um) (Fig. 5¢) and iv) in fine silt+clay pools (<20um)
(Fig. 5d). C protected in these pools is mostly derived from labile rhizospheric and microbial
compounds (Cotrufo et al., 2013, Vidal et al.,, 2018). C in these pools is highly degraded via

decomposition and mineralized by microbial metabolism, and it is protected from microbial
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consumption via occlusion in microaggregates and through organo-mineral complexation with clay

particles and metals.

1.1.12. Short —term changes in soil organic carbon mineralization due to vegetation: the
priming effect
Although the positive effect of revegetating soils in terms of C input and soil C accumulation potential

is well established, the influence of plants on the C-cycle can also have negative impacts on soil C
sequestration. As already mentioned, the potential of a soil system in respect to C sequestration is
determined by the balance between input of photosynthetically absorbed C in soil and output of CO,
via soil heterotrophic respiration (Smith et al., 2000; De Deyn et al., 2008). The soil heterotrophic
respiration is determined mainly by microbial communities and their activity, and their consumption
of Cin soil (Jones et al., 2009; Kuzyakov and Larionova, 2006). One of the effect of plant C input is to
influence the microbial communities structure and activity and the consequent consumption of pre-
existent soil C, that is commonly known as ‘priming effect’ (Broadbent and Nakashima, 1974; Sgrensen,
1974; Wu et al., 1993; Kuzyakov et al., 2000). The priming effect is defined as strong short — term
changes in C mineralization due to vegetation (Kuzyakov et al., 2000). We talk about ‘positive priming
effect’ when the input of labile Cincreases the activity of microbial communities and the mineralization
of pre-existent C in soil (Fontaine et al., 2003). The positive priming effect has an adverse effect on soil
C storage. However, if microbial communities in soil switch from consuming pre-existent C to
mineralizing fresh C input, the mineralization of soil C will decrease (Kuzyakov et al., 2000). In this case
we talk about a ‘negative priming effect’, beneficial to C storage in soil. The magnitude of the priming
effect and its direction (positive or negative) results from a complicated series of interactions between
soil, plants and microbial communities (Cheng and Kuzyakov, 2005). The first mechanism is known as
the ‘competition hypothesis’ (Jackson et al., 1989; Schimel et al., 1989; Kaye and Hart, 1997; Hodge et
al., 2000; Cheng and Kuzyakov, 2005) and postulates that competition for mineral N will determine the

direction of priming. If the soil is poor in N, then the priming effect is negative due to competition
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between plants and microbes. In the long run, plants have a higher efficiency for N mining, and they
will reduce the nutrient sources for microbial communities, decreasing their C consumption (Cheng
and Kuzyakov, 2005). Instead, when mineral nutrients are not limiting and there is no competition
between plants and microbes, rhizodeposition will increase microbial activity resulting in increased soil
C consumption and a positive priming effect (Cheng and Kuzyakov, 2005). These mechanisms hold
when microbial communities need to mine C for nutrients and energy, and are usually observed in
studies involving poor soils (pine forests and dry grasslands) (Ehrenfeld et al., 1997; Schimel et al.,

1989; Cheng and Kuzyakov, 2005).

When mineral nutrients are not limiting and the input of labile C is high, the priming effect might be
controlled by the preference of microbes for labile root derived C compared to nutrient rich soil C
(Cheng and Kuzyakov, 2005). If no nutrient limitation is present, microbes will prefer labile derived C
as an abundant and ready available source of energy (Cheng, 1999; Cheng and Kuzyakov, 2005). In this
case, a switch of substrate utilized will decrease the C consumption and result in a negative priming
effect, favouring soil C storage (Cheng and Kuzyakov, 2005, De Graaf et al. 2010). These effects are
regulated by microbial metabolism (Cheng and Coleman, 1990). Increased microbial biomass is linked
with positive priming, while negative priming is usually correlated to decreased microbial biomass
(Cheng and Coleman, 1990; Reid and Goss, 1982; 1983; Sallih and Bottner, 1988). However, De Graaaf
et al. (2010) showed how different levels of labile C input can influence microbial dynamics and
consequent priming effect. Low input of labile C (=0.7 mgC g soil) will increase microbial activity and
soil C mining, resulting in a positive priming effect. Instead, high labile C input (> 7.2 mgC g?) increases
microbial biomass but induce microbes to switch preference of substrate consumption, from old C
present in the soil to the fresh C inputted from plants substrate utilization switch, decreasing old C
consumption compared to unvegetated soil and resulting in a negative priming effect (De Graaf et al.,

2010).
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1.1.13. Possible impacts of revegetating geotechnical soils on the priming effect
In geotechnical works, soils are often heavily managed and revegetated. Environmental conditions are

perturbed and it is not uncommon that subsoil is excavated, brought to the surface and revegetated.
Subsoils have a high C stability given by i) low microbial biomass (Taylor et al. 2002; Andersen and
Domsche 1989; Ekklund et al. 2001) and activity (Fang and Moncrieff 2005), ii) oxygen limitation
(Rumpel and Kégel-Knabner, 2010), iii) energy limitation due to reduced labile C inputs (Fontaine et al.
2007) and iv) spatial heterogeneity of organic C in subsoil and consequent separation from microbes
(Von Litzow et al. 2006; Holden and Fierer 2005). Fontaine et al. (2007) showed how a supply of fresh
C in deep soil can decrease the stability of pre-existent old C and increase positive priming. However,
to our knowledge, no in vivo experiment has been implemented on this topic, and, more importantly,
no studies are available on the effects of excavating and revegetating subsoil on the priming effect.
Excavating, crushing, mixing, and revegetating soil will have a major impact on the factors determining

the stability of C in subsoil, and possibly a high priming effect.

1.2.GENERAL KNOWLEDGE GAPS

As stated above, soil embankments represent an interesting structure for C sequestration due to two
features: 1) plants can be chosen to vegetate the embankments, and therefore the C input in the
system, and 2) soil can be managed and chosen to optimize C sequestration. Embankments are
constituted of a core of compacted soil, usually excavated from a depth of >1m and with a high
percentage of clay, and they can be covered by a layer of stripped topsoil to be revegetated. The choice
of revegetating organic topsoil (down to 30 cm depth) stripped and used to cover the embankment,
or directly on an uncompacted surface layer of mineral subsoil (>1 m depth), will deeply influence the
soil C storage potential of the geotechnical structure. However, no studies have been developed in
depth on the effects of revegetating subsoil brought to the surface on C storage, and their potential as

Csink. There is a need of comparing C storage potential of different plants and soils to design the most
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efficient C storage system in geotechnical soils, a potential that have been hypothesized before but

never adressed (Dejong et al., 2011).

The study of two soils showing diverse characteristics (fertility, microbial communities, C saturation
levels), and the use of plant species that have contrasting root traits connected with higher
recalcitrance or lability, allows to tackle fundamental knowledge gaps regarding the actors and
mechanisms driving C sequestration in soil. The next paragraphs give an overview of the knowledge

gaps addressed in each chapter of the thesis.

1.2.1. Plant carbon input: influence of root traits and carbon accumulation in different
soil C pools
Rhizosphere is considered as the main pathway for C to enter the soil, however few studies have

tackled the relationships between root traits and C storage. The studies that have indeed explored the
effect of the root economics spectrum on C storage (e.g. De Deyn et al., 2008; Bardgett et al., 2014;
Poirer et al., 2018; Henneron et al., 2019) considered the C storage in bulk soil, without exploring the
effect of root traits on C quality, i.e. the accumulation of C in different pools. Moreover, among the
different explored root traits, the root elongation rate has never been studied in relationship to C
storage. We state that root economics spectrum is lacking an important trait, since changes in root
elongation rate affect the production and the spatial distribution of root exudates, the main precursor

of C stored in SILT+CLAY pool (Cotrufo et al., 2013; Holz et al., 2018).

1.2.2. Subsoil brought to the surface: effect on C fluxes and actors involved in C-cycle
Soil C stock within a defined time frame is the balance between input and transformation of newly

photosynthesized C from plants to soil (new C) and losses of existing soil organic C (old C) (Kuzyakov
and Domansky, 2000; Fontaine et al., 2004). Moreover, the balance between new C and old C is far
from being the whole story, as increasing studies have highlighted the equal importance of quality of
soil C, as C stored in different C pools (Cardinael et al.,2015). To our best knowledge, no study has ever

bridged the link between C pools and the fates of new C and old C. Besides the exploration of the fates
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of soil new C and old C, as well as their associations with C pool, another significant knowledge gap
comes to the predictability of the fates of soil new C and old C using plant and soil features. More
specifically, no studies investigated the effect of root traits, microbial communities and soil
characteristics (with an eye of attention to the C saturation theory) on new input and old c changes in

different C pools.

1.2.3. Subsoil brought to the surface: what is the effect of revegetation on the priming
effect

Revegetating subsoil could have a high impact on pre-existent old C stability and the priming effect. C
in subsoil is highly stable, and perturbation of the environmental conditions could deeply influence the
stability and protection of this pool. Studies on priming of subsoil have been conducted (Fierer et al.,
2003; Fontaine et al., 2007; Wang et al. 2014), however no studies investigated the effect of bringing
subsoil to the surface. Understanding the priming effect at soil fraction level may also bring us new

insight on the vulnerability of soil C pools to fresh C input.

1.3.STRUCTURE OF THE THESIS: OBJECTIVES AND HYPOTHESES

Figure 6 shows the different research questions tackled in the research and discussed in each chapter,
plus their link with the main factors and processes discussed in each chapter. In this theses | and the

research team collaborating in this project aim to tackle the following general objectives:

i - Understanding the effect of plant and soil features on soil C sequestration in terms of quantity
and quality (fundamental objective)
ii - Identifying possible plant and soil practices that can be implemented to increase soil C storage
in embankments and, possibly, in grey soils from geotechnical work (applied objective)

The above two objectives regarding the fundamental mechanisms of C-cycle will be tackled in every

chapter of the thesis.
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1.3.1. Chapter Il: Pathway to persistence: plant root traits alter C accumulation in
different soil carbon pools through microbial mediation

i - Objective 1: Understand what are the relationships between root traits and C accumulation in
different soil C pools for 12 different herbaceous species commonly used in embankment
revegetation (Fig. 7).
Hypothesis 1: We hypothesize that traits related to labile C input (root elongation rate, hemicellulose
content, root biomass) promote C accumulation in the protected coarse silt and fine silt + clay C pools,
since these traits are expected to favor rhizodeposition and microbial activity, whereas root traits
related to recalcitrance (high lignin and cellulose content, high C:N ratio) promote C accumulation in

the unprotected coarse POM pool.

ii - Objective 2: What is the effect of species selection on the C sequestration in different soil C pools
Hypothesis. 2: We hypothesize that N,-fixing species favor C accumulation in the protected fine
silt+clay pools since they have traits more related to labile Cinput, while non N,-fixing species will favor

C accumulation in the POM fraction.

1.3.2. Chapter lll: The fates of fresh new carbon and old soil carbon differ in topsoil and
newly exposed subsoil and are explained by root, microbial, and soil particle size

i - Objective 1: Quantify the fluxes of new C and old C in different soil pools;
Hypothesis 1: We hypothesize that soil particle size fractions associated C pools can regulate the fates

of old C and new C in the C sequestration process;

ii - Objective 2: Examine the pattern of covariation between new C input and changes of old Cin
different C pools

Hypothesis 2: The fate of new C and old C will show independent patterns

iii - Objective 3: Investigate if the different actors involved in C storage, and the influence that plant

and soil have on them, can explain the patterns of new C and old C fluxes in different soil C pools
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Hypothesis 3: We hypothesize that plant traits related to chemical composition and recalcitrance will
be driving POM accumulation in new C and consumption in old C, while traits related with high C input
will drive storage in protected fractions via microbiological consumption and deposition. We expect
aggregate stability to be positively correlated with new C and old C accumulation in fine POM and
coarse silt fractions due to physical protection of aggregates. We expect that soil N content positively
correlates with new C input. Fine fraction in soil is believed to be positively correlated with the new C
storage in fine silt+clay fraction due to organomineral interactions, and new C storage in fine silt+clay
is expected higher in subsoil than in topsoil due to lower soil C saturation levels. Finally we expect
microbial activity, diversity and abundance to be strongly linked with the amount of new C deposited
in the protected coarse silt and silt+clay fractions, and with the consumption and transformation of
old C in the unprotected coarse POM and fine POM fractions due to mineralization from microbial

communities.

1.3.3. Chapter IV: Soil quality drives the priming effect and plant species refine it

i - Objective 1: Quantify the changes in C and the input of new C in soil to determine the losses of
old C in revegetated topsoil and subsoil brought to the surface (Fig. 8) and the priming effect of
revegetating with N»-fixing (Medicago sativa) and a non N,-fixing species (Lolium perenne) species
(Fig. 9).
Hypothesis 1: Our hypothesis is that topsoil will have higher losses of old C due to higher microbial
biomass and activity. However, due to the higher protection of old C in subsoil and the changes in
environmental conditions given by revegetation, we hypothesize that subsoil will have higher old C

losses compared to bare soil, meaning a higher positive priming effect compared to topsoil.

ii - Objective 2: Quantify the priming effect in different C pools related to granulometric soil

fractions.

18



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474
475
476

477

478

479

480

481

482
483
484

485

Hypothesis 2: Given the higher protection of C in the finer soil fraction (silt and silt +clay fractions) we
hypothesis that the priming will occur in the unprotected particulate organic matter fractions (POM

and finePOM).

iii - Objective 3: Study the evolution over time of the sources of respired C in the system

(represented by the abundance of 3C) and its correlations with old C losses, new C input and

priming.
Hypothesis 3: We hypothesize that the source of respiration in the system will switch more towards
labelled plant inputs over time, along with plant development. We believe new C input to be positively
correlated with the abundance of 3C in respired CO, (A3C). However, we expect different behaviours
in the two soils regarding the old C losses. In topsoil we suggest that A*C will be negatively correlated
with old C losses, due to switch in microbiological substrate preference, while in subsoil A*C will be
positively correlated with old C losses, due to increased microbial activity. In the same way, priming

will be negatively correlated to A3C in topsoil, while being positively correlated in subsoil.

1.3.4. Chapter V: general discussion, guidelines and prospective for carbon storage in

geotechnical embankments
In Chapter V | intend to delineate a more comprehensive view on the effect of soil and plant selection

on Cstorage in embankments based on the results of this study. | want to discuss the potential benefits
of embankments for C storage and propose guidelines for embankments revegetation, more
specifically: i) possible management options to increase C storage in these geotechnical soils and ii)

perspectives for future studies on C sequestration.

1.3.5. Annex I: Perspectives: the influence of vegetation on soil microstructure and its
implications on soil carbon sequestration: a geotechnical approach
Annex one is an overview of an ongoing research with UNICAS regarding soil structure. More

specifically we investigate the influence of vegetation on soil microstructure and its implications on
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soil C storage and protection. | propose a multidisciplinary approach including geotechnical
engineering and soil science/ecological methods to investigate soil structure in terms of i) soil porosity
and void ratio, ii) aggregate stability and C protection, and iii) new C input in different aggregate
classes. These results will allow a more comprehensive view on aggregate formation and C protection
in revegetated topsoil and subsoil brought to the surface, and understand the role of porosity and void
ratio in relation to C protection. Research questions, methodology and preliminary results are outlined

in Annex |.
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Embankments as a carbon sink: a study on carbon sequestration pathways and mechanisms in topseil and exposed subseil
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soils from geotechnical work? (Applied research question)

* What is the effect of plant and soil features on soil C sequestration in terms of quantity and quality of stored C? (Fundamental research question)
* Which are the best possible plant and soil practices that can be implemented to increase soil C storage in embankments and, possibly, in grey
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Figure 6: scheme of thesis structure and related research questions (RQ). Applied RQ are presented in the first box, together with the title of the thesis. Fundamental
RQ are displayed in the different boxes related to the different chapters of the thesis. The scheme in the middle represents a simplified version of Figure 1. The
squared boxes represent the main actors in C-cycle (green plants, red microbs, brown soil) while the circle the pools of C: soil carbon (biochemically and physically
protected) and the atmospheric C in CO2.
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746 Figure 7: Experimental set up with 12 species grown in monoculture in grow-boxes. The picture shows two of the
747 three blocks of growboxes present in the experiment (Chapter 1)
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749 Figure 8: Species grown in '3C constant labelling experiment sampled after 6 months for root traits assessment
750 (Chapter Ill and 1V).
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CHAPTER II: Pathway to persistence: plant root traits alter
carbon accumulation in different soil carbon pools through

microbial mediation

Embankments as a carbon sink: a study on carbon sequestration pathways and mechanisms in topsoil and exposed subsoil

General research questions:
What is the effect of plant and soil features on soil C sequestration in terms of quantity and quality of stored C? (Fundamental research question)

Which are the best possible plant and soil practices that can be implemented to increase soil C storage in embankments and, possibly, in grey

soils from geotechnical work? (Applied research question)
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Plant input is the first step in soil C sequestration. Plant choice influences the final C storage in soil by
providing different amounts and quality of C input. In this chapter, we aim to quantify this effect by
assessing the C changes in different soil C pools associated with different soil size particle fractions,
and relating them to contrasting root traits characterizing 12 different herbaceous species used for

embankment revegetation in south of France.
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ABSTRACT

Aims: Mineral-associated organic matter, mainly derived from microbial by-products,
persists longer in soil compared to particulate organic matter (POM). POM is highly recalcitrant and
originates largely from decomposing root and shoot litter. Theory suggests that root traits and growth
dynamics should affect carbon (C) accumulation into these different pools, but the specific traits

driving this accumulation are not clearly identified.

Methods: Twelve herbaceous species were grown for 37 weeks in monocultures. Root
elongation rate (RER) was measured throughout the experiment. At the end of the experiment, we

determined morphological and chemical root traits, as well as substrate induced respiration (SIR) as a
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proxy for microbial activity. Carbon was measured in four different soil fractions, following particle-

size and density fractionation.

Results: In N,-fixing Fabaceae species, root biomass, RER, root diameter, hemicellulose content
and SIR, were all positively correlated with increased C in the coarse silt fraction. Root diameter and
hemicellulose content were also negatively correlated with C in the POM fraction, that was greater
under non N»-fixing Poaceae species, characterized by lignin-rich roots with a high carbon:nitrogen

ratio that grew slowly. The accumulation of C in different soil pools was mediated by microbial activity.

Conclusions: ~ Our results show that root traits determine C input into different soil pools, mediated
primarily by microbial activity, thus determining the fate of soil organic C. We also highlight that C in
different soil pools, and not only total soil organic C, should be reported in future studies to better

understand its origin, fate and dynamics.

Abbreviations

Abbreviation Meaning

C Carbon
POM Particulate organic matter
C:N Carbon — nitrogen ratio in plant tissue and/or soil
N,-fixing Dinitrogen fixing
to Time zero, beginning of the experiment
t37 Time 37 weeks, end of the experiment
Delta carbon, as difference between carbon at time 0 and carbon at time 37, in
ac different fractions (mg C g™* soil)
Crom Carbon in the coarse POM 200-2000 pum fraction (mg C g soil)
Cfinepom Carbon in the fine POM 50-200 um fraction (mg C g* soil)
Csut Carbon in the 20-50 um coarse silt fraction (mg C g* soil)
Csitr+ciay Carbon in the fine silt+clay <20 um fraction (mg C g* soil)
Sum of delta carbon in different fractions, ACsum = ACpom + ACtinepom + ACsir +
Ao ACsim+ciay (mg C gt sail)
RER Root elongation rate (mm d)
RLP Root length production (m)

RER and RLP of ‘new’ roots initiated during the 2 weeks interval between

RERNew, RLPnew
measurements
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RERowp, RLPowp

RER and RLP of ‘old’ roots, initiated more than 2 weeks before the measurement

SIR

Substrate induced respiration (ug C-CO, g* soil h'l)

PCA

Principal component analysis
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2.1.INTRODUCTION

Given the current climate change emergency, several international initiatives have been launched to
unlock the potential of soils to sequester atmospheric carbon (C) (e.g. 4 per Thousand Initiative,
Minasny et al. 2017). Better understanding the interactions between vegetation and soil has become
central for sequestering C into anthropogenically disturbed soil, such as agricultural fields, mining
waste soil, road embankments and technosols (Paustian et al. 2016; Griscom et al. 2017). Plants act as
a major conduit for transferring C into soils via litterfall, root mortality and exudation (Six et al. 2004;
Derrien et al. 2016; Sokol et al. 2019). Some C is transformed by soil microbes and released back into
the atmosphere by respiration (Jones et al. 2009; Kuzyakov and Larionova, 2005), but C can also be
stabilized in soil, increasing its residence time (Besnard et al. 1996; Lal, 2004; Rasse et al. 2005;
Bardgett et al. 2014 ; Vidal et al. 2018; Sokol et al. 2019). Carbon persists in soil at different time scales
based on recalcitrance (short-term preservation), spatial inaccessibility to decomposers due to
occlusion in soil aggregates, and adsorption to mineral and metal surfaces (Kleber et al. 2011, Schmidt
et al. 2011, Poirier et al. 2018). These mechanisms are influenced by abiotic and biotic factors and
especially by plant roots, since their C is preferentially stabilized compared to aerial parts (Balesdent
and Balabane, 1996; Rasse et al. 2005, Katterer et al. 2011). In a recent review, Poirier et al. (2018)
argued that the root traits most influencing C stabilization are those related to chemical composition,
root exudation and the presence of symbionts (e.g. mycorrhizas and Rhizobium bacteria), whereas the
role of morphological traits is not yet clear. More specifically, root traits increasing chemical
recalcitrance promote short-term C stabilization by slowing root decomposition rates, whereas root
traits increasing exudation rate promote long-term C stabilization faster. Several studies have analysed
the link between plant functional traits, microbial activity and C accumulation (Chapin 2003; Lavorel
et al. 2007; De Deyn et al. 2008; Poirier et al. 2018). However, as yet, it is not understood how root

traits can alter the accumulation and potential persistence of C.

Through differences in chemical and physiological traits, roots should affect C accumulation into
different C pools depending on soil texture. These pools are defined as: i) coarse particulate organic
matter (coarse POM, > 200um fraction), that is free in the soil at different levels of degradation, ii) fine
POM (50-200um fraction), that comprises free organic C and organic C occluded in soil
macroaggregates. These two pools are mostly derived from the decomposition of roots and shoots
(Kogel-Knabner, 2002), and their short-term C protection from microbial consumption relies mainly on
the recalcitrance of their lignocellulose C structures and the physical protection given by
macroaggregate structure (Six et al. 2002). Finally, iii) C protected in the coarse silt and fine silt+clay

pools (20-50um and <20um fractions, respectively); that is highly processed and protected from

38



80
81
82
83
84
85
86
87
88
89

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

microbial consumption via occlusion in microaggregates and through organo-mineral adsorption to
clay particles and metals. This C is mostly derived from dissolved organic C originating from the
degradation of above and belowground plant C input (Bird et al. 2008; Rubino et al. 2010; Sanderman
et al. 2014), from root exudation of labile rhizospheric compounds and from microbial compounds
(Simpson et al., 2007; Mambelli et al., 2011; Cotrufo et al. 2013; 2014; Vidal et al. 2018; Rossi 2019). It
is now generally accepted that labile low molecular weight compounds persist in soil longer than
chemically recalcitrant C structures, when protected by organo-mineral adsorption (Mikutta et al.
2006; Kleber et al. 2015; King et al. 2019; Robertson et al. 2019; Sokol et al. 2019). The stability of
sequestered C in soil is therefore linked to the fraction of soil to which it is associated, with a greater

stability of C pools associated with finer fractions (Torn et al., 2009).

As C accumulation into the coarse POM pool is related to the amount of recalcitrant matter present, it
should therefore be greater in soils containing roots with high cellulose, lignin and carbon:nitrogen
ratio (C:N) (Poirier et al. 2018). However, it is C-rich exudates produced during fine root elongation
that promote long-term C stabilization in the coarse silt and fine silt+clay fractions (Mikutta et al. 2006;
King et al. 2019; Robertson et al. 2019; Sokol et al. 2019), and together with mucilage and border cells
(shed during growth), are important substrates for microbial communities (Dennis et al., 2010). These
C substrates that are assimilated by microorganisms close to the root apex are utilized rapidly for
respiration and growth, or lost as microbial exudates or exopolysaccharides that are then used as a
substrate for subsequent microbial communities. Since microbial byproducts (from activity in any soil
C pool) are believed to be the main precursor of protected C due to organo-mineral interactions
(Simpson et al., 2007; Mambelli et al., 2011; Cotrufo et al., 2013; Rossi 2019), root exudation should
influence the C storage in this fraction. It is however important to mention that exudation and the
resulting microbial activiy can also negatively influence soil C storage, increasing the consumption of
preexistent soil C (i.e. priming effect; Hamer and Marschner, 2005; Shahzad et al. 2017). Root traits
related to exudation are however poorly understood; the few studies available showed contrasted
results and relate to root morphological traits measured at the whole root system level (Roumet et al.
2006; Guyonnet et al. 2018). Because root exudates are mainly released at the elongating root tip,
where rhizospheric microbial activity is high (Jones et al. 2009; Canarini et al. 2019), it can be expected
that root elongation rate (RER) is a powerful predictor of C deposits in coarse silt and fine silt+clay C
pools (Holz et al. 2018). Root elongation rate is affected principally by local abiotic soil conditions such
as soil temperature, moisture, and compaction, but also differs among species, although most known

data is related to woody species (Steinaker et al. 2011; Mohamed et al. 2016; Wang et al. 2018). Fast
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growing species with small diameter fine roots, high specific root length and N uptake rate usually have

high RER (Larson and Funk 2016).

Determining plant traits that increase C accumulation in different soil C pools should therefore enable
the selection of species that promote C persistence in soil. Recent debate has focused on the ability of
dinitrogen fixing (N,-fixing) species to sequester large amounts of C in soil (Plaza-Bonilla et al. 2016;
King et al. 2018). Bacteria such as Rhizobium, present in nodules of N,-fixing species, produce large
amounts of exopolysaccharides (Downie, 2010; Sasse et al. 2018), that are adsorbed onto fine silt and
clay particles (Fehrmann and Weaver, 1978). Also, N»-fixing species have roots that are easily
degradable with a high content of hemicelluloses (Hernandez et al. 2017) and low C:N ratio
(Warembourg et al. 2003; Roumet et al. 2005), therefore enhancing microbial activity (Poirer et al.
2018). However, it is not known whether N,-fixing species promote greater C accumulation in the fine

silt and clay soil fractions, thereby enhancing C persistence in soil.

We explored the effect of root traits on C accumulation into different soil C pools beneath 12
herbaceous species grown in monocultures for 37 weeks. These species had diverse root traits in terms
of morphology, chemical composition, and elongation rate and belonged to different plant families:
five N,-fixing Fabaceae, five Poaceae, one Rosaceae and one Plantaginaceae. Our main hypothesis is
that C accumulation into different soil C pools is driven by root traits and their effects on microbial
activity and biomass. More specifically, we hypothesize that (i) traits related to high RER promote C
accumulation in the coarse silt and fine silt + clay C pools, since these traits are expected to favour
exudation and subsequent microbial activity, whereas (ii) root traits related to chemical recalcitrance
(high lignin and cellulose content and high C:N ratio), promote C accumulation in the unprotected POM
pool, and iii) N,-fixing species favour C accumulation in the coarse silt and fine silt + clay pools. Results
should enable us to disentangle the relationships between root growth, traits and the accumulation
and stabilization of C in different soil C pools, between different families (Poaceae and Fabaceae) and

N, and non Ny-fixing species.

2.2.MATERIALS AND METHODS

2.2.1. Experimental setup
The experiment was set up in the experimental garden of CEFE-CNRS Montpellier, France (43.6389°

N°, 3.864125° E and lasted 37 weeks (from t0: Sept-2016 to t36: July-2017). Twelve herbaceous species

were grown as monocultures in steel boxes (0.7 m length x 0.7 m width x 0.3 m depth): five N,-fixing
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species from the Fabaceae family and seven non N,-fixing species, including five Poaceae, one
Plantaginaceae and one Rosaceae species (Table 1). A weather station was set up permanently in the
experimental garden, and air humidity, air temperature (minimum, maximum and mean daily) and

solar irradiation (measured daily) were monitored throughout the experiment.

Seventy-eight boxes were prepared: six replicate boxes per species and six additional boxes of bare
soil used as controls. Boxes were organized in three blocks with two rows of 13 adjacent boxes in each
block, and with a distance of 50 cm between each box. Each row comprised 12 monocultures (one per
species) and a bare soil, randomly arranged in each row (Fig S1). Boxes of the first row were used for
destructive plant and soil sampling, while the boxes of the second row were equipped with rhizotrons
for the study of root elongation (Section 1.1, Fig. S1). In the second block, each box was equipped with
soil temperature and humidity sensors placed at a depth of 0.1 m. Soil temperature was recorded
every 4 hours with an i-button sensor (iButtonLink, Wisconsin, USA); soil relative humidity was
recorded every hour with moisture sensors (Waterscout SM100, Spectrum Technologies Inc.) and a
datalogger (WatchDog weather station 200 series, Spectrum Technologies Inc.). These boxes were
undisturbed for the duration of the experiment. Rhizotrons comprised a 0.2 m width x 0.3 m depth x
0.05 m thick pane of transparent plexiglass set into the lower walls of the boxes, through which roots
were observed and root elongation rate (RER, in mm root* day?) and root length production (RLP, in
mm mm=2 day?), were calculated (Fig. S2). For RER and RLP, only one replicate box per species was

analyzed, because the analysis of root images was extremely time consuming.

Boxes were inclined at 20° relative to the horizon to encourage the positive geotropism of roots when
they came into contact with rhizotron windows (Huck and Taylor, 1982). Boxes were filled with soil
sieved to 8 mm. Five layers of soil were successively added and manually compacted to attain a volume
of 0.113 m?, i.e., a total of 190 kg of soil per box (bulk density = 1.70 + 0.02 g cm™). The soil, excavated
in Villefort (France; 44°26'25” N, 3°55’58” E), was sandy-loam (62.6 % sand, 26.1 % silt, 11.3 % clay);
with 1.36 g kg of total N, 16.9 g kg™? of total C, 0.069 g kg* of phosphorus (P Olsen), pH in water was

7.06, and cation-exchange capacity (CEC) was 7.98 cmol. kg™.

On 17-19 October 2016, 72 boxes were sown as monocultures (12 species x 6 replicates with one
replicate species per row). Seeds of each species were sown in lines, the distance between lines was
75 mm and the distance between plants within a line was 75 mm, leading to a final plant density of
155 plants m™. Once seeds had germinated, each box was inoculated with a purified solution of local
Rhizobium bacteria strains (Incolum Valorhiz™, France) and was netted to avoid birds disturbing seeds.
During the experiment, mean air temperature was 13 C° (Figure S3) with a maximum of 30 °C and a

41



177
178
179
180
181
182
183
184

185

186
187

188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

minimum of -0.4 °C (Figure S3a), and the cumulative precipitation was 349 mm (Fig S3 for additional
information on climatic conditions over the 37 weeks of the experiment). Soil temperature in the boxes
followed closely the air temperature over the 37 weeks period, with a mean of 13.5 °C, a maximum of
25.9 °C and a minimum of 3 °C (Figure S3a). Air humidity ranged from 53 to 87%, with a mean value of
74% (Figure S3a) and solar irradiation ranged from 320 to 897 W m™% with a mean value of 568 W m=
(Figure S3b). During the experiment, boxes were carefully weeded by hand and plants were cut to
ground level every 4 months to maintain a regular aerial cover. In addition, each box was watered with

sprinklers when required.

2.2.2. Analysis of carbon content in different soil fractions
Soil C content was measured before filling the boxes, as a reference for time 0 (t0), on three samples

from the initial homogenized soil batch, and at the end of the experiment, i.e. at 37 weeks (t37) after
sowing. At t37, soil samples were taken at 0-200 mm depth using a soil corer (75 mm in diameter) in
each box dedicated to soil and plant sampling. All soil samples were separated into two depths (0-100
mm and 100-200 mm), air dried and separately sieved to 2 mm. A subsample of 40 g of soil was
collected at a depth of 0-100 mm for subsequent fractioning into POM fractions (coarse POM: 200-
2000 um and fine POM: 50-200 pm), coarse silt (20-50 um), fine silt + clay (<20 um) fractions. Soil
fractionation was carried out using the method from Gavinelli et al. (1995). Soil samples were
presoaked overnight in 300 ml of deionized water at 4°C with 0.5 g of hexametaphosphate to enhance
disaggregation. Soil was then shaken at 300 rpm (digital orbital shaker, Intertek) with five agate
marbles for 2 h (i.e., the time suggested for sandy soils, to avoid the transfer of C into finer fractions,
Gavinelli et al. 1995). The soil was wet sieved with a 200 um sieve, and the resulting 200-2000 um
fraction was then transferred into a separate container and soaked in deionized water. The floating
coarse particulate organic matter (POM) was then carefully collected. The remaining 200-2000 um
fraction represented the coarse sand fraction in soil and was carefully collected by washing the content
of the sieve in a beaker using deionized water. Then, the remaining fraction was sieved with a 50 um
sieve, to separate and collect the fine sand fraction and the fine POM fraction (50-200 um). The
remaining fraction <50 um was sonicated with a 1510E-MT Bransonic sonicator for 10 minutes to break
microaggregates before sieving at 20 um. The 20-50 um fraction (coarse silt) was collected and the
resulting solution of deionized water and <20 um fraction collected in a beaker and filled up to 1.0 L.
This solution was tumbled 30 times to homogenize it and an aliquot of 100 mL was collected with the
aid of a syringe, representing the fine silt + clay fraction. All the fractions were oven dried at 40°C until

all the water evaporated. The dried fractions were weighed to check that the sum of the fraction’s
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weight did not differ from +/-5% the initial 40 g total weight. The quality of the soil particle dispersion
was checked and did not differ +/-5% compared to the soil texture analysis, being 62.6% in the sand

fraction and 37.4% in the fine silt + clay fraction.

Carbon content in each of the soil fractions (Crom - carbon in the coarse POM fraction; Cinerom — carbon
in the fine POM fraction; Csi.t- carbon in the coarse silt fraction and Csir+ciay - carbon in the fine silt+clay
fraction), was analyzed using an elemental analyzer (CHN model EA 1108; Carlo Erba Instruments,
Milan, Italy) to assess the amount of C present in each pool. A subsample of 0.1 g was taken from each
40 g sample and analyzed without fractioning to determine the total C in the bulk sample. The
difference between total C in bulk soil and the sum of Cin the different soil fractions was used to assess

the correctness of the fractionation (+/-5%) and was equal to 97.3% (SD=22%; n=34).

We calculated soil C changes (AC) in each soil fraction as the difference between C contentinmg C g*
soil at 0 and 37 weeks (AC = Ci37 — Cio). The sum of AC in each soil fraction (ACsum = ACpom + ACfinerom +
ACsit + ACsiteciay) Was also calculated to investigate the variation in the totality of the soil fractions.
Note that AC can be either positive (accumulation) or negative (depletion due to the positive priming
effect, that is the increase of pre-existing soil C consumption and losses due to vegetation, Kuzyakov,

2002).

All the raw data can be found in the Harvard Dataverse ‘Embankment as a carbon sink: a study on
carbon sequestration pathways and mechanisms in topsoil and exposed subsoil’, DOI:

10.7910/DVN/QTFLVE.

2.2.3. Measurement of root elongation rate (RER) and root length production (RLP)
As soon as the first root of a given species was visible in a rhizotron, roots of that species were scanned

every 2 weeks for the experiment experiment (i.e. n = 19 measurement dates) using a smartphone
scanner application CamScanner (INTSIG Information Co., Ltd, Shanghai, China; version 3.9.5). A
smartphone (Samsung Xcover3, Samsung Electronics, Korea) was kept at a fixed distance from the
rhizotron (0.3 m) and a ruler was included in the picture to set the scale (Mohamed et al. 2017). Images
were then analyzed with the SmartRoot software (Lobet et al. 2011), a freeware plugin of Imagel
software (Schneider et al. 2012). The images acquired were converted into 8-bit grey scale and, when
necessary, color- inverted, so that roots were dark on a lighter background. SmartRoot allows the semi-
automatic tracing of roots by clicking on the basal point of each root (Fig. S4a). Data extracted include
the length and diameter of the roots. The resulting traced image of roots could then be imported and
superimposed onto a new image, allowing analysis of subsequent images and creating a time-

dependent dataset acquiring root length at different time steps.
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Root elongation rate (RER; mm d?) is indicative of primary root growth and is defined as the difference
in individual root length measured between two dates. RER is a frequent but punctual observation of
root dynamics over time. As soil C storage is a cumulative process, root length production (RLP; m)
after 37 weeks was also calculated for up to 60 roots (randomly chosen) per rhizotron. RLP is the total
length of all roots produced in a specific period of time (Mommer et al. 2015). Of these 60 roots
measured, 30 were selected from the ‘new roots’, i.e., the roots that were not present in the previous
scan, and so had formed in the previous two weeks. Of the 30 ‘new roots’, 20 were primary and first
order roots and ten were second order laterals (Fig. S4a, according to the developmental centrifugal
protocol of root topology; Berntson, 1997). Then, 30 ‘old roots’ were selected at each subsequent
sampling date. The ‘old roots’ were the roots already present in the previous scan (again, 20 primary
axes and ten second order lateral roots). Fig. S5 shows an example of rhizotron analysis for new and
old roots. To have a more representative sample of the ‘old roots,’ ten primary roots were selected
from the 20 primary ‘old roots’ of the previous scan, ten were selected from the 20 newly emerged
roots of the previous scan, five were chosen from the ten second order lateral ‘old roots’ of the
previous scan and five were selected from the newly emerged second order laterals of the previous
scan. This method was used to select roots at each subsequent sampling date. If one or more roots
had: 1) reached the boundaries of the rhizotron, or 2) were in a bundle and not distinguishable (Fig.
S4b), or 3) could not be analyzed for any other reason (e.g. soil masking the root), they were discarded

and different roots were then selected.

The mean daily RER was calculated by subtracting from the length of a root (L) the length of the root
acquired at the previous sampling date (L¢). This result was then standardized dividing by the number

of days between the two sampling dates (t) to have the mean elongation rate of a single root:
RER(t) = (Lty — Le1)/[t2 — t1] Equation 1

Root length production (RLP) of roots over the 37 weeks was chosen as a cumulative indicator for root

dynamics, adapted from Mommer et al. (2015):
RLP = ¥I_ YR (RER(t) = %} Equation 2

Where t represents the sampling date ; «); RER(t) is the daily RER; R the real number of roots analyzed
in that interval. Since the number of analyzed roots varied depending on dates and species, we decided

to standardize the analysis of RLP for R3, = 30 roots.

To refine the understanding of root dynamics, the RER and RLP were calculated separately for the new

roots (RERnew and RLPnew, i.e. roots initiated during the 2 weeks interval between measurements), old
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roots (RERop and RLPoyp, i.e. roots older than 2 weeks), and also the total root system, regardless of
root age. For all species, RER was high during the first two samplings after their initiation and then
decreased rapidly or stopped. Therefore, mean RER could be biased by the development of new roots,

justifying our decision to separate roots based on age and order for the statistical analysis.

2.2.4. Analysis of root traits
After 37 weeks, a soil core (75 mm diameter, 200 mm depth), centered on one individual plant per

species and per box was collected. In each core, roots were separated from the aboveground part and
washed. Roots were sorted into absorptive roots, typically the first, second and third root orders
(defined as the most distal root orders), and transport roots, that were higher order roots (all orders
above third order roots, following McCormack et al. 2015). A subsample of absorptive roots (0.1 g dry
mass on average) was selected, stained in a solution of methyl violet (0.5 g L?), spread into a

transparent water filled tray and scanned at 800 dpi (Epson Expression 1680, Canada).

The software Winrhizo Pro (Regent Instruments, Quebec, Canada) was used to determine the root
diameter (from 0 to 2 mm, with a 0.1 mm diameter interval) of absorptive roots. Roots were then oven

dried at 40°C for 3 days and weighed to determine the total root dry mass for each core.

For each species, determination of root chemical composition was conducted on three subsamples of
absorptive roots reserved for chemical analyses. C and N concentrations were determined on ground
material using an elemental analyser (CHN model EA 1108; Carlo Erba Instruments, Milan, Italy).
Concentrations of water-soluble compounds + hemicelluloses, cellulose and lignin were obtained
following the Van Soest method (Van Soest, 1963) and using a fiber analyser (Fibersac 24; Ankom,
Macedon, NJ, USA). This method consists of measuring the various plant tissue constituents by

sequential extraction with neutral detergent, acid detergent and sulfuric acid (76%).

Substrate-induced respiration (SIR) was used as a proxy for potential soil microbial respiration and
activity, according to Beare et al. (1990). Briefly, 20 g air-dried 2 mm sieved soil samples were
incubated in 150 mL sealed serum flasks with 1.5 mg C-glucose g* soil, at 80 % field capacity and at
25°C. A 200 pL aliquot of the flask headspace was analyzed for CO, concentration after 2 and 6 hours
using a microcatharometer (MicroGC Serie S, SRA Industries, Marcy I’Etoile, France), equipped with a
PoraPlot column (Agilent, Santa Clara, United States). Substrate induced respiration rates were
calculated as the mass of C-glucose converted to C-CO, per g of soil dry weight and per hour (in pg C-

CO, gt soil ).
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2.2.5. Statistical analysis
First, a one-way analysis of variance (ANOVA) and post-hoc Tukey honestly significance difference

(HSD) tests were performed to test the effects of species on mean RER, mean RLP, root traits and AC
sequestration in soil C pools. Secondly, one way ANOVAs were conducted on the five Poaceae species
and the five Fabaceae species, i.e excluding P. lanceolata and S. minor (hypothesis 3). In order to select
the environmental parameters to be included in the constrained ordination, an initial db-RDA including
all parameters was performed followed by a stepwise model selection using Generalized Akaike
Information Criterion (AIC, ordistep function with a backward direction). The normal distribution of
residuals was verified using a Shapiro-Wilk test (p = 0.05). If the data were not normally distributed,
one way ANOVA was substituted with a Kruskal-Walls test. Finally, the same procedure using one way
ANOVA was performed to compare the mean effect of N,-fixing and non N,-fixing species (for the
latter, grouping together Poaceae, P. lanceolata and S. minor) on root traits and C storage (hypothesis

3).

A principal component analysis (PCA) was performed on 12 variables (six root traits, four AC of each
soil C pool plus their sum, and SIR) using the mean for three replicate boxes (n = 12) to investigate the
effect of root traits at the species level. RER and RLP were not included in the PCA since they were
measured on one replicate box per species. Then, Pearson’s correlation coefficients were calculated
to study the relationships between root traits and AC in each soil C pool (hypotheses 1 and 2) and
linear models of the significant correlations were analyzed to study the data dispersion. To deepen the
undesrtanding of these correlations, Pearson’s correlation analysis and a study of the linear models

were performed on raw data (n = 34) to study relationships at the individual level.

To investigate the effect of abiotic factors on root growth dynamics, Pearson’s correlation coefficients
were calculated between mean daily RER, mean RLP, mean daily soil and air temperatures, mean daily
soil humidity and mean daily solar irradiation (n = 12 for each variable). Means of daily climate data

were calculated for the 2 weeks preceding the measurement of RER.

All the statistical analyses were performed in the open-source statistical environment R, version 3.4.3
(R Development Core Team, 2017) using the packages Hmisc (Harrel 2007) and vegan (Oksanen et al.

2019).

2.3.RESULTS

Effect of plant species on soil carbon accumulation (AC) in different C pools associated with soil fractions
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Plant species did not significantly influence the accumulation of C in different pools, nor in the sum of
C pools (Fig. 1). The mean ACsyn increase was 1.72 + 1.45 mg C g soil, and was highest in soil beneath
L. corniculatus (3.60 + 0.70 mg C g soil) compared to the bare soil control (0.21 + 3.87 mg C g* soil,
Fig. 1a). The mean increase in the coarse pool ACpom Was 0.58 + 0.34 mg C g soil (Fig. 1b) and in the
ACsinerom Was 1.21 + 0.74 mg C g soil (Fig. 1c). In the protected Cs7 pool, the AC mean increase was
0.57 £ 0.34 mg C g* soil (Fig. 1d), while the ACsir+ciav decreased by -0.50 + 0.77 mg C g soil (Fig. 1e).
However, no significant differences were found between any species and bare soil with regard to any

C pool (Fig. S6, C data in different soil C pools for each species at t37).

Significant differences in mean AC between N»-fixing Fabaceae and non N,-fixing Poaceae were found
with regard to Cpom and Csir. Mean Cpom Was significantly higher in soil beneath Poaceae species
(ANOVA, p = 0.024, Tukey HSD test, Fig. 2a), whilst Csyr was significantly higher in Fabaceae species
(ANOVA, p = 0.060, Tukey HSD test, Fig. 2b), and no significant differences were found in Cs.r between
Poaceae and bare soil. When grouping the data for all the non N»-fixing species (i.e., Poaceae, P.
lanceolata and S. minor), mean Cpom Was higher compared to N,-fixing Fabaceae (ANOVA, p = 0.06, F =
3.61) but Cqi was lower (ANOVA, p =0.01, F = 7.01) (Fig. 2), although a Tukey HSD test did not find

significant differences between N,-fixing and non N»-fixing species.

2.3.1. Root elongation rate (RER) and root length production (RLP)
More than a threefold variation in mean daily RERtor occurred among species, ranging from 0.23 mm

d(F. rubra) to 0.75 mm d? (T. repens) (Table 1). Mean daily RERtor did not differ between Ny-fixing
Fabaceae (0.57 + 0.08 mm don average) and non N,-fixing Poaceae (0.42 + 0.13 mm d!, ANOVA, p =
0.221, Table 1), even when grouped with non N,-fixing species (0.46+0.14 mm d, ANOVA, p = 0.075).
Mean daily RERtor peaked at 0.75 mm d* in mid-February for Poaceae and then decreased, attaining a
value of 0.4 mm d* from April to June 2017 (Figs. S7). For Fabaceae species, mean daily RERTor peaked
at 1.1 mm d*in May 2017, before decreasing sharply in June 2017 (Fig. S7, mean RERor for Fabaceae

and Poaceae species).

The mean daily RER for new roots (RERew, 0.83 +0.22 mm d!) was significantly higher than that of old
roots (RERow, 0.17 £ 0.09 mm d!, ANOVA, p < 0.001). Mean daily RERnew ranged from 0.32 mm d* (F.
rubra) to 1.13 mm d (D. glomerata) whereas RERoip ranged from 0.05 mm d* (P. pratensis) to 0.40
mm d? (T. pratense). Mean daily RERnew did not differ in No-fixing Fabaceae compared to non N,-fixing

Poaceae or all non N-fixing species grouped together. However, mean daily RERop was greater in N,-
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fixing Fabaceae (0.25 + 0.09 mm d) than in non N-fixing Poaceae (0.13 + 0.03 mm d, ANOVA, p =
0.020) or all non Ny-fixing species grouped together (0.12 + 0.04 mm d?, ANOVA, p = 0.005, Table 1).

After 37 weeks, the highest cumulative RLPror was observed in in O. viciifolia (3.62 m) and the lowest
in F. rubra (1.19 m) (Table 1). N»-fixing Fabaceae species possessed a greater RLPror (3.37 £ 2.32 m)
compared to non N»-fixing Poaceae (2.32 + 0.70 m, ANOVA, p = 0.032), as well as all the N,-fixing
species grouped together (2.42 £ 0.63 m, ANOVA, p =0.009). Root dynamics of only three species were
correlated with climate factors. In L. corniculatus, mean daily RERtor, RERoLp, RERNew, RLPtot, RLPoLp and
RLPnew Were all positively correlated with soil and air temperature and solar irradiation (Tables S1, S2).
In T. repens, RERtor and RERnew, RLPnew Were significantly and positively correlated with soil and air
temperature (Tables S1, S2). With regard to Poaceae species, mean RERnew of D. glomerata was
negatively correlated with soil and air temperature and solar irradiation (Table S1). In O. viciifolia,
RLPror was slightly and positively correlated with solar irradiation (Table S2). In D. glomerata, RLPnew

only, was negatively correlated with soil and air temperature (Table S2).

2.3.2. Root biomass, diameter and chemical composition
At 37 weeks, M. sativa had significantly greater mean root biomass (4.23 + 0.42 g) compared to all

other species (Tukey HSD test, Table 1). In general, N,-fixing Fabaceae species had a significantly higher
mean root biomass (2.08 + 1.33 g) compared to non N,-fixing Poaceae (0.62 + 0.11 g) and all the non
N,-fixing species grouped together (0.65+0.17 g, ANOVA, p <0.001). The mean diameter of absorptive
roots differed significantly between species, with O. viciifolia having the thickest absorptive roots and
D. glomerata the thinnest (0.21 + 0.14 mm, Table 1). Species from the N,-fixing Fabaceae family had
significantly thicker absorptive roots (0.39 £ 0.11 mm) compared to non N,-fixing Poaceae (0.23 + 0.03

mm) or all the non N»-fixing species grouped together (0.25 + 0.03 mm, ANOVA, p < 0.001).

The chemical composition of absorptive roots strongly varied among species and between N,-fixing
Fabaceae and non N»-fixing Poaceae or all the non N»-fixing species grouped together (Table 1).
Absorptive roots of N,-fixing Fabaceae possessed more hemicelluloses + water-soluble compounds
(705 + 74 mg g?) than non N,-fixing Poaceae (543 + 33 mg g?) or all non N,-fixing species grouped
together (583 + 69 mg g!), a lower mean lignin content (N,-fixing Fabaceae: 173 + 56 mg g, non N,-
fixing Poaceae: 302 + 59 mg g}, all non N,-fixing species grouped together: 264.18 + 79.06 mg g%), and
a lower mean C:N ratio (N,-fixing Fabaceae: 19.15 + 3.07, non N»-fixing Poaceae: 58.67 + 6.34 , and all
non N»-fixing species grouped together: 62.04 £ 7.41). Mean root cellulose content did not differ either

among species or between N,-fixing Fabaceae and non N»-fixing Poaceae. However, when all the non
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N,-fixing species were grouped together, absorptive roots had a significantly higher mean cellulose

content compared to N,-fixing Fabaceae (Table 1).

2.3.3. Soil substrate induced respiration (SIR)
Mean SIR for soil microbial communities varied significantly among species and between N,-fixing

Fabaceae (5.28 +1 pg C-CO; g* soil h'?) and non Ny-fixing Poaceae (3.12 + 0.41 pg C-CO, g* soil h',
ANOVA, p <0.001, Table 1). Mean SIR ranged from 2.47 + 0.34 ug C-CO, gt soil h'! (beneath B. erectus)
to 6.41 + 0.56 pug C-CO, g soil h? (beneath M. sativa). When grouping all the non N-fixing species
together, mean SIR was still significantly lower (3.1 + 0.46 ug C-CO g soil h') compared to Np-fixing
Fabaceae (5.28 + 1.02 pg C-CO, g soil h't, ANOVA, p < 0.001, Table 1).

2.3.4. Relationships between soil carbon accumulation (AC), root growth dynamics,

root traits, and substrate induced respiration (SIR)
The PCA conducted on the AC in the different C pools, SIR and root traits explained 64.6% of the

variance of the variables analyzed (Fig. 3). The first PCA axis (horizontal), accounting for 44.4% of the
variation, opposed ACrom (negative) and ACqir (positive), while the remaining C pools, as well as the
sum of C pools, covaried and were quite orthogonal to ACpom and ACsir and related to the second PCA
axis, that accounted for 20.2% of the variation. SIR and root biomass, diameter, and hemicelluloses +
water soluble compounds content of absorptive roots all went along the 1% axis (positive) together
with ACsir. Root traits linked with recalcitrance, lignin, cellulose and C:N ratio, went along the 1° axis
(negative) together with ACpom. Convex hull polygons reflecting intraspecific variations generally had
small areas and were segregated over the biplot (Fig. 3). The PCA strongly discriminated Poaceae from
Fabaceae. Poaceae were all on the negative end of the first axis and were characterized by high lignin
and cellulose contents, high C:N and accumulation of C in the coarse POM fraction. Fabaceae species
were at far right of the first axis and were characterized by a higher biomass and thicker roots that
were rich in hemicelluloses, favoring accumulation of C in the coarse silt fraction. The two other non

N,-fixing species were situated in intermediate positions on the axis.

When analyzing the species effect of root traits on C storage (n = 12) regression analyses showed that
mean ACpom Was not related to RER, but was slightly significantly and negatively related to two traits:
diameter and hemicelluloses + water-soluble compounds content of absorptive roots (Table S3a,
Figure 4a,b). Mean ACst was significantly and positively correlated with mean daily RERowp and RLPoLp

and with the mean diameter of absorptive roots, root biomass, hemicellulose + water-soluble
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compounds of absorptive roots, and SIR (Table S3s, Figures 5a,b,c,d,f, h), whereas mean ACs;t was
negatively correlated with mean lignin and C:N ratio (Table S3s, Figures 5e,g). Linear regressions of
mean ACs;t and C:N ratio show two segregated clusters of points: one with low C:N related to N,-fixing
species and one with non N-fixing species having a high C:N ratio and low accumulation in ACst
(Figure 5g). Variations in mean ACsum, ACtinerom and ACsir+ciay Were not explained by any variables.
Mean SIR was significantly and positively correlated to mean RERoip and RLPoip, root biomass and
hemicelluloses + water-soluble compounds (Table S3, Fig. 6a,b,c,e), but negatively correlated with
mean lignin and C:N ratio (Table S3a, Figures 6d,f). Mean hemicelluloses + water-soluble compounds

were significantly and negatively correlated with mean lignin content and C:N ratio (Table S3a).

When considering Pearson’s correlations at the individual level (n = 36), significant correlations were
found only between absorptive root diameter and ACpom, SIR and ACsut (Table S3b). Correlations
between root traits and mean SIR were similar compared to correlatins of raw data (Table S3b). The
data dispersion in linear models showed that at the individual level, even if R>was low, the tendency
remained the same as that when mean data were used for ACpom (Fig. S9), ACsit (Fig. S10), and SIR (Fig.
S11).

2.4.DISCUSSION

Total C accumulation in soil did not differ among plant species (Fig. 1), but as expected, C accumulation
was significantly greater in the Cs;ir pool beneath N,-fixing Fabaceae, whereas in soil beneath non N,-
fixing Poaceae species, C accumulation was greater in the Cpom pool (Fig. 2). In line with our hypotheses,
the accumulation of Cinto different soil C fractions, specifically Crom and Csi1, was correlated with root
traits (Fig. 4, 5, 6). The more rapid RER and greater RLP of older roots promoted C accumulation into
the Csiir pool, but smaller root diameter and low content of labile compounds (hemicelluloses and
water soluble compounds) enhanced C accumulation into the Cpom pool. Although measuring total soil
organic carbon can be an easy method to evaluate C storage, it is not as sensitive to short-term C
dynamics or effect of plant species and families, as the C changes in different soil fractions. Studies of
C sequestration should therefore focus on better estimating C input into different C pools associated

with soil textural fractions (Wiesmeier et al. 2019).
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2.4.1. Hypothesis 1: Root elongation rate and root length production are expected to
favour carbon accumulation in the Csut and Csit+ciay fractions
We hypothesized that a fast RER would promote C accumulation in coarse silt and fine silt+clay soil

fractions, through an increase in exudation and microbial activity along newly initiated roots.
Interestingly, RERoip and RLPop were significantly and positively correlated with soil microbial SIR and
ACs7 (Fig. 5a,b, Table S3a), but not with the RER and RLP of newly initiated roots, that had very high
rates of growth. Dennis et al. (2010) hypothesized that rapidly elongating root tips grow quickly out of
the main zone of microbial activity, that is established once root exudates have been consumed. These
microbial communities then consume rhizodeposits from mucilage and cell senescence as well as
exudates from roots growing in proximity. Therefore, slow growing older roots would be maintained
in this zone of high microbial activity, and C accumulation in the coarse silt fraction would be higher,
especially in N,-fixing species with populations of bacteria distributed in nodules all along roots. N»-
fixing Rhizobium bacteria also increase root elongation (Garrido-Oter et al. 2018), likely inducing a
feedback mechanism whereby a stimulated RER results in a higher exudation rate (Garcia et al. 2001),
acting as a substrate for newly colonizing Rhizobium communities. Although the role of microbial
communities is of utmost importance for C input into the soil, differences in the use of C within plants
could also explain the lack of a relationship between RERnew, RLPnew, SIR and Csir. In fast-growing,
newly initiated roots, we suggest that C in the form of non-structural carbohydrates (NSC, produced
during photosynthesis), will be used preferentially for cell production and expansion, as found in a
recent seasonal study of root elongation and NSC fluxes (Wang et al. 2018). In older roots with lower
RER, less NSC is required for growth, and excess NSC would be freely exuded, reflected in the high SIR

that we observed.

Contrary to our hypothesis, RER and RLP did not promote accumulation of C in the Csit+ciay pool.
Surprisingly, the Csiir+ciay pool was the only pool where C was actually lost over the 37 weeks, in both
bare soil and beneath all plant species, and this mineralisation of C could not be explained by microbial
activity or by any root traits. When soil was prepared in our study, its excavation, crushing and sieving
would have disrupted soil aggregates (Franzluebbers, 1999). This increase in C mineralisation is higher
in clays, as organic matter that was highly protected within the clay fraction will be released during
disruption, providing a new pool of C available to microorganisms (Hassink, 1992). The presence of
plant roots can also lead to an increased mineralization and loss of preexistent soil C due to an
increased microbial activity (positive priming effect; Kuzyakov et al., 2000). In our study, the origin of
C was not assessed, so it was not possible to quantify any priming effect. The decrease in C was mainly
observed in the silt+clay fraction, challenging the assumption that the C pool associated to this soil

fraction has greater C stability (Torn et al., 2009). However, these results are in line with the findings
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from Keiluweit et al. (2015) who observed a major priming effect in the organomineral associated C
after the input of oxalic acid, a common component of root exudates. The soil disturbance, together
with the input of highly degradable C, may well increase the release and priming of C in the
organomineral associated fraction, thereby decreasing the C content in the silt+clay fraction, but

further studies are required to better understand this phenomenon.

2.4.2. Hypothesis 2: more recalcitrant root traits are expected to favour the
unprotected coarse POM fraction
Root traits linked to recalcitrance (high cellulose and lignin content and high C:N ratio) did not correlate

to Caccumulation in the coarse POM fraction (Ceom) (Fig. 4), but the PCA showed that this suite of traits
was sharing similar coordinates with Cpom on axis 1 (Fig. 3). This result is mainly due to the Poaceae
species that all have higher C accumulation in the Cpom pool, as well as recalcitrant root traits,
compared to species from other families. Recalcitrant compounds have all been reported to decrease
root decomposition rates (Silver and Miya, 2001; Aulen et al. 2012; Poirier et al. 2018). Lignin-
carbohydrate complexes prevent polymer-hydrolyzing enzymes access to substrates, thus reducing the
degradability of plant organic matter (Cornu et al. 1994, Malherbe and Cloete, 2002). SIR, as a proxy
for microbial activity, was also strongly and negatively correlated to lignin content (Fig. 6f), probably
because lignin reduces the accessibility of polysaccharides to microorganisms through the formation
of links between lignin and polysaccharides (Bertrand et al. 2006). Products of lignin degradation can
also react with ammonia or amino acids to form further recalcitrant complexes that are less available
to microorganisms (Nommik and Vahtras, 1982). The trend observed in the PCA (Fig. 3), that species
with recalcitrant tissues were linked to higher Ceom accumulation, is in contradiction with the lack of
significant correlations between ACpom and lignin or C:N ratio. One reason for this lack of correlation
might be that the experiment was shorter than the root life span of some or all species, and full
accumulation of C in the Cpom pool had not yet occurred (Van der Krift et Berendse, 2002). Another
reason may be because Cpom Was derived from the input of fresh C from plants, as well as losses of
older C that already existed in soil. While the accumulation of new C in this fraction is influenced by
the chemical composition of the root system, the losses of older, pre-existing C are not. A C labeling
approach would be helpful to assess the different fluxes of new and old C and to better explain the

relationships between root traits and C storage.

Interestingly, C accumulation in the Csir pool was negatively correlated with recalcitrant root traits

(lignin and C:N ratio, Fig. 5e,g), but positively with hemicelluloses content and root diameter (Fig. 5d,f).
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Hemicelluloses comprise polysaccharides soluble in alkali and are easily degradable by microorganisms
(Dekker, 1985). Hemicelluloses are usually produced to the detriment of lignin and enhance tissue
degradability through higher accessibility to amorphous phases in the lignocellulose structure
(Malherbe and Cloete, 2002). Microorganisms will use this easily degradable C for growth and
respiration and then produce exudates and exopolysaccharides, that are used as a substrate for
subsequent microbial communities (Dennis et al. 2010). These exopolysaccharides and low molecular
weight compounds are belived to be the main precursors of C in the coarse silt pool (Simpson et al.,
2007; Mambelli et al., 2011; Cotrufo et al. 2013, Vidal et al. 2018), probably explaining the high Csit
we found beneath N,-fixing species (Fig. 2) with high hemicelluloses + water soluble compounds and
low lignin contents. Absorptive roots were negatively correlated with C accumulation in the Cpom pool
(Fig. 4a) and positively correlated with C accumulation in the Csur pool (Fig. 5d). Absorptive roots
generally have a higher turnover rate and undergo rapid transformation through microbial degradation
(McCormack et al., 2015), explaining the low accumulation in the Cpom pool and the positive correlation
with the Csit pool. However, this relationship may also be an artefact because Poaceae roots are
inherently very fine compared to Fabaceae roots (Roumet et al. 2006; 2016), highlighting that the
understanding of relationships between C accumulation and morphological traits is challenging

because of their inherent nature and plasticity (Poirier et al. 2018).

2.4.3. Hypothesis 3: Fabaceae and Poaceae strongly differ in their influence on
accumulation of C into different soil fractions
Contrary to that observed in previous studies (Binkley 2005; Fornara and Tilman, 2008; Plaza-Bonilla

et al., 2016; King et al., 2018), we did not find evidence of a greater accumulation of total C (ACsym) in
soil beneath N»-fixing species, because variability was high within Fabaceae. However, we showed that
N,-fixing species and non Na-fixing species (especially Poaceae and Fabaceae) strongly differed in their
effect on the accumulation of C into different soil C pools. Roots of Poaceae, as compared to Fabaceae,
had a lower RER and RLP. Poaceae produced thinner roots, rich in lignin and cellulose with a high C:N
ratio. These more recalcitrant tissues slow down microbial activity and hence root decomposition rate
(Roumet et al. 2016; Freschet et al. 2017). Due to their particular chemical composition, non N,-fixing
species, especially Poaceae species, promote C accumulation in the unprotected Cpom pool, and have
a lower C accumulation in the more stable Csur pool (Fig. 4). On the other hand, roots of N,-fixing
Fabaceae grow faster and produce thick roots that are easily degradable, since they are rich in N (low
C:N ratio) and in hemicelluloses and water soluble compounds. These traits favour the development

of microbial biomass and enhance their activity, as observed from the SIR that was 40% higher beneath
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Fabaceae than Poaceae species (see Fig. 7 for a conceptual model describing C accumulation in

different pools).

Because of the lack of correlations between root traits and C accumulation in Csjir+ciay pool, we cannot
establish that the Csiirsciay pool increases when there is a higher input of labile C from N»-fixing species.
C accumulation is the result of the input of new C and losses of pre-existing C that can be influenced
by the input of fresh C from plants (priming effect). The difference in behavior between these two
pools could result in poor correlations between root traits and C accumulation in the Csiir+ciay pool. An
isotopic approach differentiating between the changes in new C and old C in different C pools, allowing
us to assess the priming effect, would be fundamental to understanding the mechanisms behind soil

C storage (Rossi 2019).

2.5.CONCLUSION

Our findings show that specific plant root traits influence the accumulation of C into different pools,
largely through the mediation of microbial activity, shaping the C pathway in soil and, finally, its
persistence. Our results showed that non N»-fixing Poaceae species, characterized by high contents of
lignin and cellulose and a high C:N, promoted accumulation of C in the unprotected coarse POM
fraction, while root traits associated with high labile C input (high hemicelluloses + water soluble
compound contents, high RERoip and RLPqp) and microbial activity, typical of N»-fixing Fabaceae
species, stimulated C accumulation in the protected coarse silt fraction. Root elongation rate and
length production promoted microbial activity in older roots only, potentially suggesting either a
spatial influence of root exudate accessibility on microbial communities, or a relationship between
non-structural carbohydrate use in roots and available exudates for microbial consumption. The
planting of vegetation in bare soil also led to a loss of C in the fine silt+clay fraction, commonly belived
to be the most stable. Differentiating the source of C loss (pre-existing C in soil or fresh C from live
plants), is a fundamental step to assess the priming effect and understand the mechanisms behind C
loss in the finer soil fractions, and could be achieved through an isotope labelling approach. Longer
term studies on C dynamics are needed to understand these species and root trait effects over time
and the consequent C accumulation in different pools. Moreover, the influence of different soils and
associated microbial communities need to be taken into consideration for a broader understanding of
C pool dynamics. Our results will not only be useful for identifying plant species capable of enhancing
long-term C storage in soil, but will also contribute significantly to the understanding of mechanistic

processes within the C cycle.
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828  FIGURES AND TABLES

829  Table 1: Plant root traits and microbial activity for the 12 herbaceous species. Mean data are also given for species from Fabaceae and Poaceae families.

830

Family Fabaceae Poacea R Plant:
o o . . . . . Effect of species Effect of families
Species Lf)tus Trifolium Trifolium OV{OIiQ’Cf'IIS M eidtfago Bromuf Festuca Dactylis Poa pratense Lolium San, guiso rba Plantago (ANOVA) Fabaceae Poaceae (ANOVA)
corniculatus repens pratense viciifolia sativa erectus rubra glomerata perenne minor lanceolata
Acronym code Le Tr Tp Ov Ms Be Fr Dg Pp Lp Sm Pl Df F P Df F P

RERT0T 0.55+1.1 0.75%1.5 0.59+1 0.53%10 0.57+0.9 0.42+0.6 0.23+0.50 0.58+0.9 0.66+2.90 0.42+0.8 0.5+0.7 1
(mm d*) @ (@ @ @ @ (@ (@) @ @ (@ 0.3940.5 (a) @ 11,175 18.9 0.06 0.57+0.08 0.42+0.13 2,9 1.8 0.22
RERoLDp 0.17+0.07 0.2+0.08 0.40.11 0.2120.05 0.26+0.08 0.12+0.03 0.09+0.04 0.14+0.06 0.05+0.02 0.11+0.04 0.13+0.04 0.16+0.04 1
(mm d) @ () @ @ @ () (@) @ @ () () @ 11,178 17.9 0.08 0.25+0.09 0.13£0.03 2,9 6.3 0.02
RER~ew 0.99+0.27 0.91+0.21 0.73+0.15 0.81+0.16 0.97+0.12 1.06+0.29 0.32+0.08 1.13+0.25 0.96+0.31 0.67+0.11 1
(mm d*) @ () @ @ @ () () @ @ () 0.66+0.08 0.76%0.11 11,178 17.4 0.1 0.88+0.11 0.79£0.33 2,9 0.37 0.7
:::)PTOT 3.03 3.26 3.36 3.62 3.61 2.55 1.19 2.76 2.16 2.95 2.31 3.04 - - - 3.37£2.32 2.32+0.7 2,9 5.17 0.03
:::;)P()L" 4.51 4.91 4.26 4.96 5.23 347 1.05 3.30 2.76 4.29 3.32 4.50 - - - 1.3320.61 0.61£0.2 2,9 7.5 0.01
::)wa 0.89 1.0 1.78 1.35 1.60 0.78 0.53 0.81 0.32 0.62 047 0.99 ; : : 4.7842.97 2974121 | 29 512 0.03
Root biomass 1.53+2.6 0.55%1.13 2.01%0.62 2.06x1.1 4.23+0.42 0.65+0.08 0.58+0.51 0.60+0.83 0.57+0.57 0.91£2.13 0.49+0.60 1
(® (be) © ) b) (@ © 0.70£1.6 (c) © © © © © 11,24 27.3 <0.001 2.08+1.33 0.62+0.11 1,28 10.9 <0.001
Diametre absorptive 0.47+0.05 0.28+0.05 0.32+0.04 0.55+0.18 0.35+0.18 0.27+0.02 0.22+0.05 0.21+0.14 0.22+0.19 0.22+0.05 0.26+0.09 0.28+0.14
roots (mm) () (de) (cd) @ © (def) (fe) © ) (fe) (efe) (de) 11,23 98.7 <0.001 0.39+0.11 0.23£0.03 1,27 31.7 <0.001
Hemicell. +H>O soluble 779.5%58.1 612+8.3 674.5+44.6 704.1+78.8 755.1+£31 533.9+12.1 572.3+27.3 530.4%57.6 562.4+31.2 520.5+31.7 703.2+NA 639.4+12.7
compounds (mg g @ (bede) (abe) (ab) (@ (de) (cde) (de) (cde) © (ab) (bed) 11,21 17.4 <0.001 705.11£74.39 543.51£33.56 1,25 51.5 <0.001
Cellulose 101.6+6.3 163.248.7 102.5%17.7 120£69.3 123.9+27.7 177.9+£76.5 160.7+44.8 137.5£7.7 181.6£32.3 140+NA 151.2+54
(mg g-1) @ (@) @ @ @ (@ @ @ 89.1£6 (a) (@ (@) () 11,21 1.7 0.13 122.39+33.61 154.89+50.8 1,25 3.9 0.06
Lignine 118.9+£57.8 224.8+0.4 223+33.7 175.949.4 120.9£3.5 288.3%88.5 267+39.5 332.1+65.3 348.4+25.1 297.9+62.1 156.8+NA 209.3+66.7
(mg g-1) © (abc) (abo) (abo) © (ab) (ab) @ @ (ab) (be) (abo) 11,21 6.7 <0.001 172.5£56.53 301.6£59.02 1,25 33.7 <0.001

. 15.4+0.8 21.2#1.1 17.6%£3.20 20.5%#3.2 50.8%7.6 61.3£2.6 62.5+6.4 59.1+4.1 61+4.4 69.8+£3.2 68.9+3.1
C:N ratio © © © © 21.4%2 (¢) (b) (ab) (ab) (ab) (ab) (@ @ 11,21 96.4 <0.001 19.15+3.07 58.67+6.34 1,25 436 <0.001
SIR 5.37+0.46 4.43+0.48 6.11%0.35 4.07+0.18 6.41£0.56 2.47+0.34 3.22+0.11 3.58+0.28 3.15%0.15 3.17x0.1 3.16£0.23 2.99+0.11
(ug C-CO; g™ soil h!) (ab) (be) @ (bed) @ @ (cd) (cd) (cd) (cd) (cd) (cd) 9,20 16 <0.001 5.28+1 3.12+0.4 1,28 45.9 <0.001

831 1Distribution not normal, Kruskal-Walls test instead of ANOVA

832 Mean data * standard deviation are given for species from N,-fixing Fabaceae , N,-fixing Poaceae families, and N,-fixing species aggregated (Poaceae

833  species, P. lanceolate and S. minor). For each species and for N,-fixing Fabaceae , N»-fixing Poaceae families, and N,-fixing species aggregated, mean and

834  standard deviation are given. Abbreviations: RERtor — root elongation rate of the entire root system; RERowp — of old roots older than 2 weeks; RERnew — of
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835
836
837
838
839
840

841

new roots younger than 2 weeks; RLPtor root length production of the entire root system; RLPo,p — of old roots; RLPnew — of new roots; Root biomass —
total root biomass of a core sampled after 37 weeks; Diameter absorptive — mean diameter of absorptive roots after 37 weeks; Hemicell. + H,0 —
concentration of hemicelluloses and water soluble compounds in absorptive roots; Cellulose, Lignin — concentrations of cellulose and lignin in absorptive
roots; C:N — ratio of carbon and nitrogen in absorptive roots; SIR — microbial subsrate induced respiration. Different letters next to the average value
indicate statistically significant differences (p < 0.05) between species or families according to Tukey HSD tests. DF — degree of freedom (number of species
- 1, number of observations). Statistically significant values (p < 0.05) are indicated in bold text.
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844  Fig.1: Comparison of the difference (AC = Ciz7 — Cio) in carbon (C) after 37 weeks between different soil fractions for each species. a) total C (ACsum), b) Cin
845  the coarse POM fraction (ACrom), €) C in the fine POM fraction (ACsinerom), d) C in the coarse silt fraction (ACsir) and e) C in the fine silt+clay fraction
846 (ACsitsciay). In each boxplot, the lower edge of the box corresponds to the 25™ percentile data point, while the top edge of the box corresponds to the 75%
847 percentile data point. The line within the box represents the median.
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Fig.2: Comparison of the difference (AC = Ci7 - Co) in carbon (C) after 37 weeks among N»-fixing Fabace,
non N,-fixing Poaceae species only and non N,-fixing species aggregated (Poaceae, P. lanceolate, S.
Minor), and control.a) C in the coarse POM fraction (ACpom) and b) C in the silt fraction (ACsit). No
significant differences were found in total C (ACsum), C in the fine POM fraction (ACsinepom), Or in Cin the
silt+clay fraction (ACsitciay). In each boxplot, the lower edge of the box corresponds to the 25 percentile
data point, while the top edge of the box corresponds to the 75" percentile data point. The line within
the box represents the median and black dots indicate outliers. Different letters above the boxplots
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Fig.3: Principal Component Analysis of six soil variables (five carbon pool changes and SIR) and six root
variables measured on 12 species. Black dots are Fabaceae, white dots are Poaceae, red dots are
Sanguisorba minor, and green dots are Plantago lanceolata. The Hull polygons unify the different
replicates for the same species. Abbreviations: SIR — microbial subsrate induced respiration;
Hemicelluloses + H,0 — concentration of hemicelluloses and water soluble compounds in absorptive
roots, cellulose, lignin — concentrations of cellulose and lignin in absorptive roots; C:N — ratio of carbon
and nitrogen in absorptive roots; ACpom— difference (AC = Cis7 - Cio) in carbon (C) after 37 weeks for the
coarse POM C pool; ACsinerom— for the fine POM C pool; ACst — for the silt C pool; ACsjir+ciay— for the silt
+ clay f C pool; ACsum— sum of different fractions, AC as the total change in C concentration in soil.
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Fig. 4: Linear regression at species level (n=12) between ACpom as the difference (AC = Cis7 - Cro) in carbon (C) after 37 weeks for the coarse POM C pool and a)
diameter of absorptive roots and b) hemicelluloses + water soluble compounds. The black symbols are the N,-fixing Fabaceae species, the white symbols the
non N,-fixing Poaceae species, the red dots are S. minor and the green dots are P. lanceolata. The red line is the linear model function of the variables and R?,

F and p of the linear model are shown.
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Fig. 5: Linear regression at species level (n=12) between ACsias difference (AC = Ci37 - Cyo) in carbon (C)
after 37 weeks for the coarse silt C pool and a) root elongation rate of old roots (RERowp), b) root length
production of old roots (RLPowp), c) root biomass, d) diameter of absorptive roots, e) lignin content, f)
hemicelluloses + water soluble compounds, g) C:N ratio and h) substrate induced respiration rate (SIR).
The black symbols are the N»-fixing Fabaceae species, the white symbols the non N,-fixing Poaceae
species, the red dots are S. minor and the green dots are P. lanceolata. The red line is the linear model
function of the variables and R?, F and p of the linear model are shown.
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Fig. 6: Linear regression at species level (n=12) between substrate induced respiration rate (SIR) and a)
root elongation rate of old roots (RERoip), b) root length production of old roots (RLPovp), ¢) root biomass,
d) lignin content, e) hemicelluloses + water soluble compounds, f) C:N ratio. The black symbols are the
N,-fixing Fabaceae species, the white symbols the non N,-fixing Poaceae species, the red dots S. minor
and the green dots P. lanceolata. The red line is the linear model function of the variables and R, F and
p of the linear model are shown.
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rhizodeposition, yellow C from microbial exudates and exopolysaccharides and blue the C respired back into the atmosphere as CO2. The thickness of the
arrows is qualitative, with wider arrows reflecting higher C fluxes. The signs: “+” (in green) means an increase and “-” (in red) means a decrease
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Table S1: Pearson’s correlation coefficients (r) showing relationships between mean root elongation rate and climatic variables.

Variables tested include: mean daily soil temperature, mean daily air temperature, minimum daily air temperature, maximum daily air temperature, mean
daily solar radiation and a) RERtor: mean root elongation rate of a single root, b) RERoip: mean root elongation rate of a single root that was already present
at the previous sampling date (i.e. that were older than 14 days), c) RERnew: mean root elongation rate of a single newly initiated root (i.e. that were aged 1

to 14 days). The correlations were performed for data from each RER sampling date, i.e. every 2 weeks for each species over the 10 month period.

a - Correlation between climate factors and RERtor of the total root system

b - Correlation between climate factors and RERopp of the old roots

Soil Mean air Minimum air Maximum air Mean solar Soil Mean air Minimum air Maximum air Mean solar
temperature  temperature  temperature teperature radiation Family Species temperature  temperature  temperature teperature radiation
Poaceae Dactylis glomerata  -0.23 -0.21 -0.1 -0.18 -0.1 Poaceae Dactylis glomerata  -0.27 -0.26 -0.17 -0.22 -0.12
Lolium perenne 0.01 -0.04 -0.03 0.09 0.38 Lolium perenne 0.14 0.13 0.31 0.09 0.21
Festuca rubra -0.21 -0.27 -0.34 -0.2 0.15 Festuca rubra -0.25 -0.3 -0.41 -0.25 0.05
Bromus erectus -0.02 -0.05 -0.01 0.02 0.29 Bromus erectus 0.17 0.28 -0.07 0.2 0.29
Poa pratensis 0.1 0.08 0.34 0.1 0.43 Poa pratensis -0.03 0 0.4 0.04 0.21
Fabaceae Trifolium repens 0.76%%* 0.81 %% 0.45 0.68%** 0.33 Fabaceae Trifolium repens 0.28 0.28 0.15 0.4 0.45
Trifolium pratense  0.02 -0.02 -0.02 0.09 0.4 Trifolium pratense  0.18 0.25 -0.07 0.24 0.38
Lotus corniculatus ~ 0.70%%* 0.70%* 0.44 0.68%* 0.72%% Lotus corniculatus ~ 0.73%** 0.71%% 0.51 0.747%%* 0.89%**
Onobrychis viciifolia 0.13 0.09 0.3 0.17 0.54% Onobrychis viciifolia 0.04 0.02 0.26 0.07 0.36
Medicago sativa 0.01 0.01 -0.05 0.02 0.22 Medicago sativa 0.03 0.01 -0.05 0.03 0.23
Rosaceae Sanguisorba minor  -0.06 -0.06 -0.06 -0.04 0.16 Rosaceae Sanguisorba minor  0.13 0.2 -0.08 0.1 -0.33
Plantaginaceae  Plantago lanceolata 0 -0.04 0 0.04 0.3 Plantaginaceae  Plantago lanceolata  -0.05 -0.07 -0.05 -0.03 0.21
¢ - Correlation between climate factors and RERngw of new roots
Soil Mean air Minimum air Maximum air Mean solar
temperature  temperature  temperature teperature radiation
Poaceae Dactylis glomerata  -0.55% -0.54% -0.47 -0.60%* -0.66%*
Lolium perenne 0.03 0 -0.05 0.1 0.29
Festuca rubra -0.11 -0.16 -0.04 -0.15 0.26
Bromus erectus -0.06 -0.07 -0.08 -0.05 0.17
Poa pratensis 0.09 0.08 0.36 0.06 0.38
Fabaceae Trifolium repens 0.59%* 0.67%* 0.17 0.57%* 0.17
Trifolium pratense  0.11 0.1 0.37 0.08 0.41
Lotus corniculatus ~ 0.76%** 0.75%:% 0.48 0.76%%* 0.76%*
Onobrychis viciifolia 0.13 0.1 0.3 0.15 0.51
Medicago sativa 0.04 0.06 -0.35 0.04 0.21
Rosaceae Sanguisorba minor  0.09 0.16 0.04 0.06 -0.05
Plantaginaceae  Plantago lanceolata -0.05 -0.06 -0.06 -0.03 0.19
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Table S2: Pearson’s correlation coefficients (r) showing relationships between cumulative root length production and climatic variables.

Variables tested include: mean daily soil temperature, mean daily air temperature, minimum daily air temperature, maximum daily air temperature, mean
daily solar radiation and a) RLPtor: cumulative root length production of the 30 roots that were analysed, b) RLPo.p: cumulative root length production of roots
that were already present at the previous sampling date (i.e. that were older than 14 days), c) RLPnew: cumulative root length production of newly initiated
roots (i.e. that were aged 1 to 14 days). The correlations were performed for data from each RLP sampling date, i.e. every 2 weeks for each species over the
10 month period.

a - Correlation between climate factors and RLPror of the total root system

b - Correlation between climate factors and RLPoyp of the old roots

Soil Mean air Minimum air Maximum air Average solar Soil Mean air Minimum air Maximum air Mean solar
temperature  temperature  temperature  teperature radiation temperature  temperature  temperature teperature radiation
Poaceae Dactylis glomerata  -0.4 -0.41 -0.46 -0.45 -0.38 Poaceae Dactylis glomerata  -0.29 -0.34 -0.38 -0.28 0
Lolium perenne -0.02 -0.05 -0.08 0.04 0.29 Lolium perenne 0 -0.07 -0.02 -0.08 0.24
Festuca rubra -0.19 -0.25 -0.32 -0.18 0.18 Festuca rubra -0.16 -0.22 -0.31 -0.15 0.19
Bromus erectus -0.01 -0.05 0.01 0.03 0.31 Bromus erectus 0.18 0.25 0 0.23 0.38
Poa pratensis 0.12 0.09 0.35 0.12 0.46 Poa pratensis 0.02 0.03 0.4 0.1 0.31
Fabaceae Trifolium repens 0.36 0.37 -0.01 0.33 0.38 Fabaceae Trifolium repens 0.28 0.26 0.2 0.41 0.51%*
Trifolium pratense  0.03 0 0.03 0.07 0.34 Trifolium pratense  0.22 0.26 0.02 0.29 0.47
Lotus corniculatus ~ 0.72%% 0.72%% 0.46 0.70%* 0.74%* Lotus corniculatus ~ 0.72%% 0.69%* 0.52 0.75%%* 0.90%**
Onobrychis viciifolia 0.13 0.09 0.3 0.17 0.54%* Onobrychis viciifolia 0.06 0.03 0.28 0.1 0.42
Medicago sativa 0.01 -0.01 -0.04 0.02 0.24 Medicago sativa 0.04 0 0.02 0.08 0.33
Rosaceae Sanguisorba minor  -0.06 -0.07 -0.05 -0.04 0.18 Rosaceae Sanguisorba minor  -0.04 -0.05 -0.06 -0.02 0.18
Plantaginaceae  Plantago lanceolata 0 -0.04 0 0.04 0.31 Plantaginaceae  Plantago lanceolata 0 -0.04 0.02 0.05 0.33
¢ - Correlation between climate factors and RLPngw of new roots
Soil Mean air Minimum air Maximum air Mean solar
temperature  temperature  temperature  teperature radiation
Poaceae Dactylis glomerata ~ -0.52% -0.51* -0.51 -0.54* -0.48
Lolium perenne -0.25 -0.3 -0.43 -0.27 0.04
Festuca rubra -0.08 -0.14 -0.03 -0.1 0.33
Bromus erectus 0.01 -0.03 0.01 0.05 0.33
Poa pratensis 0.13 0.1 0.34 0.12 0.46
Fabaceae Trifolium repens 0.51* 0.57* 0.11 0.49 0.26
Trifolium pratense  0.17 0.14 0.36 0.17 0.51%
Lotus corniculatus ~ 0.69%%* 0.69%* 0.41 0.70%* 0.77%%*
Onobrychis viciifolia 0.06 0.01 0.02 0.13 0.43
Medicago sativa 0.03 0.02 -0.03 0.05 0.27
Rosaceae Sanguisorba minor  0.17 0.14 0.19 0.22 0.46
Plantaginaceae  Plantago lanceolata 0.01 -0.03 0.01 0.05 0.32
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Table S3: Pearson’s correlation coefficients (r) showing relationships between root variables and soil variables. Table S3a) shows the significant correlations
obtained with the means of the three replicates for every soil and root characteristic for a total of n=12. Table S3b) shows the significant Pearson’s correlations
obtained using all data where n = 34. Abbreviations: RERror — root elongation rate of the entire root system; RERop — of roots older than 14 days; RERnew — of
new roots aged 1 — 14 days; RLPror —root length production of the entire root system; RLPop — of old roots; RLPnew — of new roots; Root biomass — total root
biomass of a core sampled at 37 weeks; absorptive root diameter— mean diameter of absorptive roots at 37 weeks; hemicellulose + water soluble compounds
— concentration of hemicellulose and water soluble compounds in absorptive roots; cellulose, lighin — concentrations of cellulose and lignin in absorptive
roots; C:N — ratio of carbon to nitrogen in absorptive roots; SIR — microbial substrate induced respiration.

a) Pearson's correlations at species level (n = 12, mean of three replicates)

b) Pearson's correlations at individual level (n = 34)

ACsum  ACpom ACnepom  ACsik  AGiscay — SIR ACsum  ACpom ACginerom  ACs  ACiretay — SIR
Root growth  RERrtoT -0.32 -0.2 -0.06 -0.1 -0.17 0.45 -0.32 -0.2 -0.06 -0.1 -0.17 0.45
dynamics RERoLD -0.17 -0.25 -0.04 (.72 0.37 0.74%* -0.17 -0.25 -0.04 0.72%* 0.37 0.74%*
RERNEwW -0.24 -0.13 -0.2 -0.12 -0.55 0.18 -0.24 -0.13 -0.2 -0.12 -0.55 0.18
RLPror -0.34 -0.33 -0.18 0.37 0.34 0.51 -0.34 -0.33 -0.18 0.37 0.34 0.51
RLPNEw -0.3 -0.3 -0.15 0.33 0.17 0.43 -0.3 -0.3 -0.15 0.33 0.17 0.43
RLPorp -0.32 -0.25 -0.22 0.66* 0.34 0.70* -0.32 -0.25 -0.22 0.66* 0.34 0.70%*
Root Root biomass -0.2 -0.46 -0.37 (.78 0.3 0.80%* 0.18 -0.08 0.02 0.3 -0.07 0.69%**
morphological i
) PROTOSICAT Absorptive 02 -072%¢ 017 079 014  0.56 0.08  -0.44* 021 014 036  0.50%
traits roots diameter
Hemicelluloses
+H,0 soluble -0.06 -0.61%* -0.13 0.827%% -0.3 0.68* 0.26 -0.3 0.25 0.22 0.23 0.60%**
Root chemical compounds
traits Cellulose -0.18 0.47 -0.14 -0.22 0.19 -0.53 -0.24 0.13 -0.16 -0.03 0.18 -0.31
Lignin 0.15 0.56 0.26 -().84:*3% 0.49 -0.60* -0.19 0.18 -0.17 -0.21 -0.26 -0.46%*
Root C:N ratio 0.26 0.37 0.09 -0.68* 0.29 -0.86%%* -0.06 0.28 -0.07 -0.3 -0.17  -0.79%::*
SIR -0.16 -0.19 -0.11 0.65* -0.57 0.27 -0.15 0.18 0.48%* 0.12

In bold, significant r values: * p <0.05, **p <0.01, *** p < 0.001
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945  Fig. S1: Spatial disposition of growth boxes.

946 In left panel, replicates are depicted in different colours according to their family (green: N»-
947  fixing Fabaceae, brown: non N2-fixing Poaceae, yellow: non Nz fixing P. lanceolata, blue: non
948  Nq-fixing S. minor). The different shades of colour representing different species are shown in
949  the legend. The blue dot on the upper right-hand corner of the different colored squares shows
950 the boxes that were equipped with air/soil temperature and soil moisture sensors. Soil cores
951  were removed from each row of ‘soil core replicates’ growth boxes. Half the boxes were fitted
952  with rhizotrons (‘rhizotron replicates’). Photographs of each species can be seen in the bottom
953  right panel of the figure.
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Fig. S2: Growth boxes used in the experiment.

Above a gravel layer, soil was homogeneously compacted into growth boxes. Seeds were

sown at a density of 155 plants m2. Panes of plexiglass on the front of the box allowed root

elongation to be observed over the 37 week long experiment.
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963  Fig. S3: Climatic conditions over the 37 weeks of experimentation.

964  a) Mean daily air temperature (solid black line), minimum air temperature (segmented blue line), maximum air temperature (segmented red line),

965 mean daily soil temperature (dotted black line) and mean daily air humidity (segmented black, dotted line). In b), mean daily solar irradiation (solid
966  black line) and evapotranspiration (segmented red line).

1000 1 _ 6
& 5%
E £
= 4 =
= & Z 5
(] o e
= £ 5 3 B
© h=} o =
o £ B Z
o 2 = 2 ©
E = ] -
(7] — ° 8
= < B S
1 5
w
0 T TN - ~ T T T T T - 10 0 T T T T T L T O
4 © A A A A A A © © A A A A A A
Sy Y Jy Sy S Y ) & & N Jy Sy Jy Sy & Jy
SRS U U UK G G G G G U U AR IR I CU
\,\”\, \,\’,\/ \Q‘\ \Q’\/ \Q’b th Q") Q‘o \,\,\ ,\/’L Q\ Q’\' \Q”) \QV \S" \Qb
& & & & & & & & & & & & & & & &
Mean air temperature - - == Minimum air temperature Solar irradiation - - = - Evapotranspiration
- - == Maximum air temperature e Soil temperature

— - — - Air Humidity
967

79



968

969
970
971

972
973

974

975

Fig. S4: Example of an image analyzed using SmartRoot software.
a) primary roots (in orange) from which lateral roots are initiated (in green). Each orange circle along
the root axis represents a single ‘mouse click’ for root selection. b) A bundle of roots growing close

together, where the number and diameter of roots cannot be recognized by the SmartRoot software.

B

Root bundle
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Fig.S5: a) Example of two subsequent images of roots of Bromus erectus taken on 23/02/2019 and
10/03/2019 and b) conceptual scheme to explain root selection procedure.. a) The figure on the left
shows newly initiated roots that will be analyzed to calculate the RERnew and RLPnew on 23/02/2019.
At the next date for image analysis (10/03/2019), some of the previously analyzed roots were the same
length (RER=0, middle of the rhizotron), whereas other roots elongated (RER>0, bottom of the
rhizotron), and were used to calculate RERop and RLPop. On the top part of the rhizotron, some new
roots were initiated, and analyzed to calculate the RERnew and RLPnew on 10/03/2019. b) Conceptual
scheme showing the procedure to select ‘old roots’ at each sampling: at Time x 30 new roots and 30
old roots have been analyzed. Of these 30 roots, 20 are primary axis roots while 10 second order lateral
(Fig. S4a). 10 roots from Time x primary old roots and 10 from Time x primary new roots are randomly
selected to be analyzed and constitute the Time x+1 old primary roots. 5 roots from Time x secondary
old roots and 5 from Time x new secondary roots are selected and analyzed and constitute the Time

x+1 secondary old roots.
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Fig. S6: Carbon (C) content in each soil C pool beneath the 12 species and in the control bare soil, 37

weeks after sowing.

The C pools analyzed are Cpom in the coarse particulate organic matter >200um), Cinerom (C in the fine
particulate organic matter 200-50um), Csir (in the coarse silt fraction 50-20um) and Csiir+cray (C in the
fine silt + clay fraction <20um). The letters on the left hand side of the fraction bars indicate significant

differences (Tukey HSD, p < 0.05) between C pools and within species.
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Fig. S7: Mean daily root elongation rate (RERtor) for all the roots analyzed in the rhizotrons (without
distinguishing between old and new roots) in Fabaceae (N,-fixing, black circles) and Poaceae (non N,-

fixing, white squares) family.

Mean daily RERtor in Fabaceae peaked in May - June, whereas in Poaceae, mean daily RERtor was fairly
constant between February and June, with no marked peaks. Data are means # standard error of the RER

data in the 2 weeks prior to the measurement of root elongation.
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Fig.S8: Mean root elongation rate of individual roots (RER, measured every 2 weeks) for each of the 12

1008

species.

1009

The solid black line is the RERnew of the roots that were newly initiated (aged 1 to 14 days), and were not

1010

present at the previous sampling date. The dotted black line represents the RERop of the roots that were

1011

already present at the previous sampling date, and so were older than 14 days.
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1021

Fig. S9: Linear regression at the individual level (n = 34 samples), between ACpom (as the difference in

carbon (C) in the coarse POM C pool, AC = C7 - Cyo, after 37 weeks), and a) diameter of absorptive

roots and b) hemicelluloses + water soluble compounds.

The black symbols are the N,-fixing Fabaceae species, the white symbols the non N,-fixing Poaceae

species, the red dots are S. minor and the green dots are P. lanceolata. The red line is the linear model

function of the variables and R?, F and p of the linear model are shown.
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Fig. S10: Linear regression at individual level (n = 34 samples) between ACgii(asthe difference in carbon

(C) in the coarse silt C pool, AC = C37 - Cio, after 37 weeks), and a) root biomass, b) diameter of

absorptive roots, c) lignin content, d) hemicelluloses + water soluble compounds, e) C:N ratio and f)

substrate induced respiration rate (SIR).

The black symbols are the N,-fixing Fabaceae species, the white symbols the non N,-fixing Poaceae

species, the red dots are S. minor and the green dots are P. lanceolata. The red line is the linear model

function of the variables and R?, F and p of the linear model are shown. For the legend refer to figure
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Fig. S11: Linear regression at individual level (n = 34 samples) between substrate induced respiration

rate (SIR) and a) root biomass, b) lignin content, c) hemicelluloses + water soluble compounds, d) C:N

ratio.

The black symbols are the N,-fixing Fabaceae species, the white symbols the non N,-fixing Poaceae

species, the red dots S. minor and the green dots P. lanceolata. The red line is the linear model function

of the variables and R?, F and p of the linear model are shown. For the legend refer to figure S9.
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Chapter III: The fates of fresh new carbon and old soil
carbon differ in topsoil and newly exposed subsoil and
are explained by root, microbial, and soil particle size

General research questions:

* What is the effect of plant and soil features on soil C sequestration in terms of quantity and quality of stored C? (Fundamental research question)

* Which are the best possible plant and soil practices that can be implemented to increase soil C storage in embankments and, possibly, in grey
soils from geotechnical work? {Applied research question)

Embankments as a earbon sink: a study on carben sequestration pathways and mechanisms in topsoil and exposed subseil

:

—

@

quu‘r

Plant Input I 1

v/ Soll
/_'_'_7_ e
Blochemical [:> ﬁh_y;
pro’rechon pro*fec’non

—

=

Microbial
Communities

different soil C pools?

Chapter Il (soil oriented)

* How are new Cinput and old C changes distributed in different soil C pools?
* Does new Cand old Cchanges in different soil C pools vary synergistically?
* How does soil and plant selection influence different actors involved in C-cycle, and can they explain the patterns of new C and old C fluxes in

In Chapter Il we studied the effect of revegetation on C storage in different soil C pools. In Chapter IlI
we aim to refine the understanding of C pathways in soil by selecting two species with contrasting root
characteristics (among the species in Ch. Il) and sowing them on two soils showing contrasting
characteristics (fertile topsoil and poor subsoil) in a *C constantly enriched environment. We will
differentiate the input of fresh new C and changes in preexistent old C in the different soil C pools and
study their relationships with root traits, microbiological and soil characteristics.
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Abbreviation

Definition

Corresponding symbol

C Carbon; soil carbon refers to soil organic carbon in this study
Soil carbon contents associated with different soil particle fraction sizes: particulate organic matter X =POM, finePOM, SILT and
C pool fraction (50-200 um), fine particulate organic matter fraction (20-50 um), coarse silt fraction (20- SILT+CLAY
50 um) and fine silt and clay fraction (<20 um)
C content Soil carbon concentration (in mgC gsoil) per unit weight of soil for each C pool or pool summed Crom, Ctinerom, Csit, Csir+cray, Csum
C change Differfance in soil carbon contents (in mgC g*soil) between the end and beginning of the ACrom, ACkinerom, ACsit, ACsiTsciay,
experiment ACsum
C quality Proportion (in %) of soil carbon content belonging to each carbon pool %Cpom, %Csinerom, %Csitt, %CsiT+cLay
new C Fresh soil carbon due to plant inputs ANew Cx (new C gain for the pool X)
old C Existing soil carbon before plant growth AO0Id C; (old C change for the pool X)
to Time zero, beginning of the experiment
t6 Time after 6 months, end of the experiment
POM Particulate organic matter
C:N Carbon — nitrogen ratio in plant tissue
GMA Global Metabolic Activity of microbial communties
SIR Substrate induced respiration
ANOVA Analysis of variance
PCA Principal component analysis
H Shannon metabolic diversity index
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3.1.INTRODUCTION

3.1.1. General context in soil organic carbon sequestration on embankments: can
subsoil brought to the surface be used as a C sink?
Soil is the largest terrestrial carbon (C) reservoir and soil organic C (SOC) exchanges rapidly with C in

the atmosphere and biosphere (Torn et al. 2009). In the context of global warming, knowing the fate
of SOC is essential for greenhouse gasses mitigation. So far, national and supranational programs have
been developed to maintain soil organic C stability and promote C sequestration in soil (e.g. 4p1000).
Appropriate soil and vegetation management that favors C transfer from air to soil via plants has been
shown to be a promising way to increase the soil C sink (Rees et al., 2005; Minasny et al., 2017). Most
of the research has been carried out on agricultural and ‘natural’ soils, while heavily disturbed
antropized soils, i.e.. soils related to geotechnical operations. In this work we focus on the revegetation
of geotechnical road and railroad embankments, and their potential for soil C storage. Topsoil has
often been used for the revegetation of embankments, however, subsoil can be brought to the surface
and revegetated directly.We argue that revegetating subsoil brought to the surface has a high
influence on the C-cycle due to the different characteristics of subsoil compared to topsoil: lower
fertility levels, different aggregate characteristics, microbiological communities and their evolution
and dynamics (Taylor et al. 2002, Murray et al. 2004, Chabbi et al. 2009, Jones et al. 2018) and, most
notably, C saturation (Lorenz and Lal 2005; Rumpel and Kégel-Knabner 2011, Beare et al. 2016). It has
been hypothesized that soil has a C saturation level associated to its fine particle size partition (i.e.,
clay content) and the initial old C content (Six et al. 2002; Stewart et al. 2007). Protection via
organomineral interactions relays on surface area of soil particles, and after the available areas and
reactive surfaces are occupied by C, further C input will not be adsorbed anymore and therefore will
not be protected (Six et al. 2002). The potential amount of C protected via organomineral complexation
depends on the amount of the <20um fraction and the initial amount of C in the associated soil C pool.
We argue that subsoils have a lower C saturation compared to topsoil due to higher clay content and
lower C content (Lorenz and Lal 2005; Rumpel and Kégel-Knabner 2011, Lawrence-Smith et al. 2015)
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and, therefore, could store stable C more efficiently via organomineral interactions in the finer silt and
silt+clay soil fractions (<20um). For this reason, subsoil brought to the surface could be an interesting
feature for C storage, and we aim to investigate the influence of excavating and revegetating subsoil
on the main actors involved in C-cycle and their influence on C storage in different soil C pools

associated to granulometry of soil fractions.

3.1.2. New and old carbon in soil
The soil C stock within a defined time frame is the balance between input and transformation of newly

photosynthesized C from plants to soil (new C) and losses of existing soil organic C (old C) through
microbial and plant respiration (Kuzyakov and Domansky, 2000; Fontaine et al., 2004). Although total
soil C sequestration is increasingly measured as an important ecosystem service, few studies have
quantified the proportions of new C input from plants and the losses of old soil C during respiration. It
is unclear how the input of new C and the losses of old C participate to the final soil C sequestration
and if trade off or synergetic patterns exist between new C input in soil and old C losses. The underlying
mechanisms behind these processes are poorly understood, but are crucial if we wish to improve soil

C sequestration.

3.1.3. Soil organic carbon quality: carbon pools are associated to different soil granular

fractions
More and more studies have highlighted the importance of C quality in soil (Chapter I, this thesis;

Cardinael et al.,2015). High quality soil C refers to organic C compounds that have long mean residence
time and good stability against mineralization because of their physical or physiochemical associations
with soil particles. Characterizing absolute and relative sizes of soil C pools associated to soil particle
size fractions is a powerful instrument to evaluate soil C quality. The commonly used classification of

soil pools in literature refers to (i) C in particulate organic matter (POM) (Cprom, 2000-200um), (ii) C in
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fine POM (Cinerom, 200-50um), (iii) C in coarse silt (Csir, 50-20 pum) and (vi) C in fine silt+clay (Csir+ciay,
<20um). In the POM and finePOM pools, C is usually supposed to originate from plant litter debris at
different levels of degradation, and is more exposed to decomposers (Kdgel-Knabner, 2002), wheras C
in the SILT and SILT+CLAY pools is considered more stable due to the organomineral binding with fine
soil particles (Sollins et al., 1996; von Liitzow et al., 2006; Cotrufo et al. 2013). Although recent studies
have quantified soil C in different pools instead of that in total soil C (Cardinael et al., 2015; Chapter II,
this thesis), no study to our knowledge has bridged the link between C pools and the fates of new C
and old C. Speculating such an association is reasonable, as fates of new C and old C should have
different sensitivities to fresh plant C inputs, that has been shown to have a significant impact on the
relative size of soil C pools, i.e., soil C quality (Cardinael et al., 2015). To differentiate the inputs of new
C and the changes of old C in different C pools, stable isotopic labelling has proven to be a powerful
methodology. Growing plants in an atmosphere with increased % of 3C in the CO, allows to
differentiate the new C inputted in soil from the preexistent old C (Staddon 2004). Being able to
differentiate old C is very interesting, since it allow to quantify even the changes in the old C pool in a

determined timeframe, other than the input of new C.

3.1.4. New old carbon distribution in different soil pools: drivers and mechanisms
Besides understanding the fates of new and old soil C in different soil fractions, we also need to

determine how plant and soil characteristics affect the trajectory of new and old C. The dynamics of
new C in soil is assumed to be jointly determined by plant performance and soil C storage capacity.
Plants transform atmospheric C via litter decomposition or root exudation, therefore, traits related to
decomposition and exudation should be examined in soil C sequestration studies (De Deyn et al., 2008;
Roumet et al. 2016; Henneron et al.,, 2019). Roumet et al. (2016) suggested that species with
contrasting growth strategies and tissue quality, i.e., N,-fixing fast-growing species with a low tissue

carbon:nitrogen (C:N) ratio versus non N»-fixing slow-growing species with a high tissue C:N ratio,
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result in contrasting soil C sequestration. However, the relative importance of such traits on soil C
sequestration is not yet known. In this regard, studying the effects of N»-fixing and non N»-fixing species
is of particular interest, since they are placed at the two opposite ends of the root economic spectrum
(Roumet et al. 2016, Rossi et al., submitted, Chapter Il) and expected to significantly influence the C
sequestration quantity and quality in different soil fractions. The capacity of soil to influence new C
storage is related, as already mentioned, to its C saturation levels. New C input increase soil
aggregation that, with a double feedback effect, in turn protect the C from microbial mineralization via
physical protection in the aggregate structure (Tisdall and Oades 1979,1982; Chevallier et al., 2004).
Aggregate stability, as a proxy for aggregation resistance to disruption, might very well be associated
with C protection in soil. Furthermore, N levels in soil will affect the soil fertility, and therefore, plant

development and microbial biomass and activity (Sarker et al., 2017).

Studies over the last 20 years have greatly focused on the priming effect, i.e., the phenomenon that
fresh biomass may, in most cases, stimulate microbial activities and thus accelerate the loss of old C
existing in soil (i.e., positive priming) (Kuzyakovet al. 2000; Blagodatskaya & Kuzyakov, 2008). Positive
priming can offset the gain of new C in soil and result in a net negative C balance (Cheng et al., 2003,
Fontaine et al., 2004). Many factors, from fresh tissue recalcitrance to soil physical properties are found
to influence the loss of old C. In particular, fresh tissue recalcitrance greatly affects the proliferation
rate of the microbial population and subsequent soil respiration rate. However, soil aggregate and
particle size determine the ability of soil to protect old C from microbial mineralization (Six et al., 2002).
For example, aggregates act as a physical barrier that separate occluded Cfrom microbes and enzymes

(Besnard et al., 1996; Rasse et al., 2005; Bardgett et al., 2014; Sokol et al., 2019

| ask therefore, if plant traits, and soil characteristics (as aggregate stability, N content, and particle
size fractions) alter new C and old C dynamics in different soil fractions through their direct effect and
indirect influence on microbial communities. Microbial abundance (in terms of biomass that can be

calculated as concentration of DNA in soil), the global metabolic activity as the amount of respired CO,
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per g of soil in a specific timeframe (GMA), and the diversity in metabolic substrate consumption, often
represented by the Shannon index (H), will be deeply influenced by soil (Liang et al. 2017) and plant
species (Cotrufo et al. 2013). Microbial communities have a pivotal role determining the mineralization
and losses of old and new C, its subsequent transformation in degraded POM or the C input in the
protected silt and silt+clay fractions. The theory of the ‘microbial carbon pump’ (Liang et al., 2017) put
microbial communities at the center of C sequestration mechanisms. It state that microbial
communities, consume and input C in protected structure (aggregates) or transform it in recalcitrant
structure that are stabilized in soil as microbial necromass, the so called ‘entombing effect’ (Liang et

al., 2017).

3.1.5. Research hypothesis
Using a microcosm experiment, coupled with stable isotopic (**C) labelling, we aim at characterizing

the fates of new C from plant roots (root debris and exudations) and old C (pre-existing C in soil), as
well as their interdependence, across different soil fractions under a fully crossed soil and vegetation
treatment: two types of natural soils (subsoil and topsoil) x three vegetation treatments (bare soil,
Medicago sativa and Lolium perenne). Soil and microbial community characteristics and plant root
traits were measured to disentangle the effects of different drivers on changes in new and old C. |

hypothesize that:

i) Soil particle size can regulate the fates of old and new C within fractions. We hypothesize that the
input of new C will be higher in the particulate organic matter and in the SILT+CLAY fraction due to
exudation and microbial in vivo transformation of C. Old C is expected to be depleted from coarser
fractions (POM and finePOM) via microbial mineralization, and transferred to finer fractions, increasing

the old Cin the SILT and SILT+CLAY fractions.

ii) The fates of new and old C show independent patterns: old C losses are expected to be more related
to microbial characteristics than to input of new C, however the influence of new C on microbial activity

might show an indirect effect decreasing old C concentration due ti priming effect.
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iii) the patterns of new C and old C fluxes in different soil C pools could be explained by plant, micro-
organism and soil characteristics. More specifically, root traits connected to high root biomass and
labile input (i.e. acquisitive resource strategies N2-fixing species) are expected to increase new Cin the
soil, especially in the SILT and SILT+CLAY pools. We suppose subsoil to have a higher new C
accumulation in the SILT+CLAY fraction due to higher fine fraction and lower initial C content,
decreasing soil C saturation. In this respect, we think the percentage of the fine soil fraction (FF) will
be positively correlated with new C in the SILT+CLAY fraction. Aggregate stability (measured as mean
weight diameter, MWD) is expected to be positively correlated with new and old C accumulation in silt
and silt+clay fractions due to C protection. We believe soil N content will increase the overall input of
new C in all the fractions due to its connection with soil fertility and iomass production. Microbial
characteristics (GMA, H and DNA concentration) are expected to be positively correlated with the
accumulation of new C in the SILT and SILT+CLAY fraction and and decrease the old C content due to

metabolism and respiration of C.

3.2.MATERIALS AND METHODS
3.2.1. Soil and plant preparation, experimental design and set-up
The soil used in the experiment was excavated from a grassland in Pisciotta (ltaly, 40°07'N, 15°14’E,
178 m a.s.l.) at two depths of the same soil profile: topsoil (0.0 — 0.3 m depth) and subsoil (1.1 -1.4 m
depth). The soil was a clay loam soil (USDA) with a comparable granulometric texture between topsoil
and subsoil (topsoil: 27.3% clay, 31.1% silt, 41.6% sand; subsoil: 34.8% clay, 36.8% silt, 28.4% sand).

Topsoil (7.0) had a lower pH than subsoil (8.4).

Both top- and subsoil were sieved to 5 mm prior and then placed in containers (20 cm x 20 cm x 20
cm), where it was packed manually to a depth to 10 cm. Pots were weighed to ensure that they

contained the same amount of soil (+/- 2.5 %). N,-fixing Medicago sativa L. and non N,-fixing Lolium

96



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

perenne L. were planted as monocultures with exactly the same pattern. In each pot, three seeds were
put at six equidistant spots. After germination, one seedling was removed with scissors at ground level,
at each spot. For each soil type (i.e. top- and subsoil) and species, six replicate containers were

prepared and six bare containers per soil type were used as controls (n = 36 in total).

Containers were placed into three identical microcosms at the Ecotron growth facility at Montpellier,

France (http://www.ecotron.cnrs.fr/). In each microcosm, two replicates of all treatments, i.e., 12 pots,

were placed randomly to avoid any effect of microcosm on plant growth and soil processes. Plants
were grown at a constant air temperature of 21°C and at 80% humidity (to reduce the soil water loss
by evapotranspiration). Artificial light was provided by three lamps (Gavita PRO 300 LEP 02,
Netherlands) in each microcosm with a 12h day/night cycle, shifted to allow air sampling at the same
moment of the plant’s circadian rhythm (data not shown in this study, see Chapter 4). A shade was
placed on the lamps and the distance of the lamps from the plants was adjusted to achieve the most
possible homogenous light intensity on the foliage (300 pmol m2s?). Soil moisture was kept at 45 +
10% of the soil water holding capacity for the entire duration of the experiment (that was previously
calculated for topsoil and subsoil separately, data not shown). To minimize disturbances to the *3C
concentration due to the opening of microcosm, a system of plastic pipes was installed into the
microcosm for watering. Every two weeks, pots were taken out to assess their evapotranspiration rate
and weight (data not shown). Each time pot position was randomized when they were put back to the
microcosm. Air enriched with enriched *C (with a concentration of 2%, approximately two times
higher than the natural *C abundance of 1.1%, in other words §C of CO, in the chamber was roughly
+760%, as compared to the ambient -8) was supplied into the microcosms once the first emergence of
seedlings was observed in any microcosm (approximately three weeks). The air enrichment with 3C
was supplied only during the 12h day cycle and the *3C infusion was stopped during the night period.
The whole experiment lasted for 183 days, or six months from 29 September 2017, (t0) to 31 March

2018 (t6). Experiment length enabled us to (i) track the changes in soil C immediately after seedling
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emergence (ii) avoid the effect of plant leaf and flower litter on soil C, which was not our study

objective. Any plant litter was removed manually every 2 weeks from the soil surface.

3.2.2. Soil fractionation and assessment of soil carbon and 63C
Before the experiment, three soil samples per soil type were sampled for the measurement of carbon

content in different fractions, mean weight diameter of aggregates, nitrogen content, microbial
activity, DNA concentration and Shannon metabolic diversity at t0. Each sample was mixed and divided
into four parts, and an equal amount of soil from each part was collected and mixed to obtain a

homogenized sample of soil.

At t6, soil was removed from each pot, weighed and then cut into two equal-size half blocks with a saw
and a ruler: one half was air dried and used for soil analyses and the other half was used for plant trait
and microbiological measurements. A mixed sample from each pot was collected from a depth of 3.5-
10 cm depth. The soil samples at t0 and t6 were then sieved at 2 mm and 40g were sub-sampled and
fractioned using the Gavinelli et al. (1995) method (Supplementary material, Method S1, Fig. S1). The
resulting four fractions (POM: >200um, finePOM: 200-50um, SILT: 50-20 pm, SILT+CLAY: <20um) were
analyzed for both C content and §C using an elemental analyzer Isoprime100 coupled with an
Elementar Varo Isotope Cube (machine reference no). The sum of C in different fractions represents
the total Cin the sample. A subsample of 0.1 g was taken from each 40 g sample and analyzed without
fractioning to determine the total Cin the bulk sample. We checked the accordance between the mean
difference between total C in bulk soil and the sum of C in the different soil fractions and the results

were satisfactory (mean 93.3% of recovery).

To assess the changes in total C in each fraction, the differences between C content at t0 and t6 were

assessed:

ACy = ACyt6 — ACyx 1o (1]
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Where ACx is the change in C content (mg C g soil) in a given soil C pool. All the raw data can be found
in the Harvard Dataverse ‘Embankment as a carbon sink: a study on carbon sequestration pathways

and mechanisms in topsoil and exposed subsoil’, DOI: 10.7910/DVN/QTFLVE.

Every Fractionation method present some advantages and drawbacks. We chose the Gavinelli et al.
(1995) methodology for several reasons: it allows to reducing the shaking time of the sample to avoid
transfer of C from the sand to the clay fraction, an important factor given the sandy texture of the soil
used in this experiment (Gavinelli et al. 1995). The soil sieving at 2mm prior to fractionation decrease
the amount of unprotected POM, up to 50% (Duddigan et al., 2019). However, this problem is
particularly relevant for soils having a high C content and high organic fertilization; the soil used in this
experiment have low C content and no fertilization, therefore the issue is sensibly reduced (Duddigan
et al., 2019). The use of an aliquot to assess the silt-clay fraction allowed to less time consuming and
more economical procedure, a key element when a high number of samples need to be fractionated.
It is possible, however, using a wet sieving fractionation method, that part of the OM was transferred
in the SILT+CLAY fraction, overestimating its C content (Duddigan et al., 2019). However, the
fractionation has been performed by the same operator using the same protocol at time 0 and time
37, therefore the overestimation should be considered a standard error that does not affect the
difference in C between the two sampling times. Since the separation of POM in the Gavinelli et al.
(2005) methodology via density fractionation happens after soaking soil with exametaphosfate and 2
hours shaking with agate balls, the POM fraction includes also the POM occluded in macroaggregates.
However, this methodology allows assessing the amount of C protected in microaggregates after their
breaking via sonication, and this fraction is considered the most important for physically protected C

(Kong et al., 2005; Six and Paustian, 2014).

99



224
225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

3.2.3. Estimation of new and old carbon in soil fractions
The increased atmospheric 8'3C sighature in the microcosm allowed a calculation of the proportions

of new C in the different soil fractions. We used an isotope mixing model (Balesdent and Mariotti,

1996):

5(t6)—8(t0)

wNewl = = 5o

(2]

Where %New C is the percentage of new C in a specific fraction, §(t6) is the 6C signature of C
measured in a specific fraction at t6, §(t0) is the §3C signature of C of a specific soil fraction t0, 8B is
the 83C signature of the new C input in the system (in our case the signature of the absorptive and
transport root biomass). The 6B was specific for each pot based on the analysis of the root biomass,
and the mean was 615+38. The choice of root biomass as the §'3C reference for C input was made
because root material was considered to be the main input of C, given that shoot litter was negligible,

and comparable with exudates signature.

The new C at t0 was zero. To calculate the gain of new C (mgC g soil) in a specific soil C pool X, we

multiplied %Cnew by the total amount of C at t6 (Cx) of the pool X:

ANewCy = Cx(t6) X %NewC (3]

To assess the changes in the old C in different soil C pools, we subtracted the new C from the ACof

each soil C pool.

AOldCy = ACy — ANewCy [4]

The isotope labeling approach was chosen since it allows following the path of C when the desired C
input is ‘traced’ with an increased (or decreased) C isotope ratio (Staddon, 2004; Hungate, 1996). The
different 13C levels, compared with the natural abundance and input 13C signal, allow following the

carbon from the atmosphere to the different plant systems, the trophic transfer via microorganisms,
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to end up in soil or in respired carbon (Leake et al., 2006; Bradford et al., 2007; Hogberg et al., 2008).
We chose stable labeling methodology since pulse labeling, even if more economically convenient and
easier to implement than stable labeling, cannot achieve a uniform labeling distribution in the system
as stable labeling does, and this can result in a bias results analysis (Meharg, 1994). Stable isotope
labeling has been extensively used to trace respired CO.and understand its origins, separating root
respiration from microbiological respiration of old or new carbon (Rygiewicz and Andersen, 1994;
Kuzyakov et al., 2001; Trubore, 2006; McDowell et al., 2004; Subke et al., 2004; review from Hanson
et al. 2004). However, different challenges can be encountered when using stable *3C labelling in CO,,
more specifically the stability of the enrichment, possible leaking, and different photosynthetic
efficiency and 3C adsorption from plants. For this reason, the chambers have been open as fewer times

as possible and only when the 3C enrichment was not in place (in chambers ‘night hours’).

3.2.4. Microbial global metabolic activity (GAM) and Shannon metabolic diversity index
(H)

To analyze functional diversity, precisely GAM and H from microbial communities, 20 g of soil were
collected immediately after sampling from each container at t6 and t0 from the half of soil collected
for chemical analyses. We used a Microresp system that comprises a Deepwell plate (Fisher Scientific
E39199) holding soil subsamples saturated with a solution with different substrates, a detection plate
containing the detection gel, a rubber seal to connect the deepwell and the detection plate and metal
clamp to keep the two parts tightly together (MicroResp™, Aberdeen, UK) (Fig. S2). The output of
Microresp is to assess the respiration rate of soil saturated (at 80% of field capacity) with different
substrates presenting different levels of recalcitrance and biological properites. Detailed methodology
is provided in supplementary materials, Method S2. Substrates utilized for MicroResp are shown in

Table S1.

To have a proxy of the global metabolic activity (GAM) of the microbial communities, the respiration
rates from the different 15 C substrates were summed (mg C-CO, g soil h'%; Frac et al. 2012, Ammar

et al. 2017). For each replicate, a Shannon metabolic diversity index was calculated as:
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H= =Y mxlog(m) (5]
Where ntis the standardized respiration rate for substrate (i) (Shinan et al. 2017).

MicroResp was chosen since is a method that allows a convenient, sensitive, rapid methodology to
determine microbial activity and functional diversity, assessing their substrate utilization (Campbell et
al. 2008). SIR, instead, allow only to assessing the potential activity with glucose. The method has been
utilized in a wide range of soils and land uses, and always demonstrated its value (Chapman et al. 2007;

Creamer et al. 2016; Shinnan at al. 2017).

However, MicroResp suffers from three main limitations according to Renault et al. (2013) that needs
to be taken into account: first, the method consider the CO; in the well air space to be only of microbial
origin (Campbell et al., 2003). The volume of the deep well that is not filled with soil is neglected and
given the low volume of soil solution this can lead to overestimation of respired CO,. Second, the
increasing CO; in the air decrease the pH of the solution (Stumm and Morgan, 1996) and, again, could
lead to overestimate the CO; in solution. Third, there was no check done to see if the transfer between
calcite, soil solution, air and gel is in equilibrium, otherwise calibration would be impossible (Renault

et al. 2013).

3.2.5. Microbial DNA concentration as proxy for microbial biomass
To examin microbial biomass in different communities, 10g of soil was immediately frozen at -20°C

after sampling, and kept until samples were processed for DNA extraction. Total DNA was extracted
from soil (0.5 g). DNA extraction was performed using FastDNA® SPIN Kit for Soil Isolation Kit according
to manufacturer’s instructions (MP Biomedicals, USA). An additional step to wash the DNA binding
matrix with 500 ul of guanidine thiocyanate 5.5M was added following Tournier et al. (2015). The
concentration of extracted DNA in solution (ng/uL) were measured using a Quant-iT™ PicoGreen™
dsDNA Assay Kit for DNA quantification and used as a proxy for microbial biomass (Bohérquez et al.

2017).
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The main drawback of using DNA concentration as a proxy of microbial biomass is that this
methodology does not make the distinction between intracellular DNA of live microbial cells, dead
microbial cells, and extracellular DNA released via cellular lysis (Torti et al., 2015). This bias can result
in an overestimation of microbial biomass. However, the aim of this analysis is not to precisely estimate
microbial biomass (for which other methodologies are more suitable) but to compare the changes in
biomass. As a general comparative biomass growth indicator, this methodology has proven to be valid

and easy to implement (Bohérquez et al., 2017).

3.2.6. Percentage of fine fraction in soil, soil nitrogen and aggregate stability
After the wet sieving and weighing of the different soil fractions, the percentage of fine fraction (FF, in

%) was determined as the ratio of the SILT+CLAY soil fraction weight (<20 um) and the total mass of
the fractioned soil sample (in average 40g). When analyzing C content and 8C for each bulk soil

fraction, the amount of nitrogen in soil (N; mg g* soil) was also determined.

As a proxy for aggregate stability, mean weight diameter (MWD) of aggregates was assessed following
the conventional methodology according to Le Bissonnais et al. (2006). 20g of aggregates were
collected from the half pot for soil analysis, air dried and sieved first at 5 mm and then at 3 mm, to
isolate the 3 - 5mm aggregates fractions. This aggregate fraction were put in the oven for 24h to reach
the same water matrix potential. First, 5g of 3-5mm fraction are weighed and gently immerse in a 250
cm? beaker filled with 50 cm? of ethanol for 10 minutes. After ethanol was carefully sucked off with a
pipette and the sample transferred in a 250 cm? Erlenmayer flask containing 50 cm? of deionized water,
and brought to 200 cm3. The flask was agitated 20 times and left 30 minutes for sedimentation of
coarse particles. Water was sucked off with a pipette and the mixture of soil and water transferred to
a 50 um sieve previously immersed in ethanol. The disaggregated soil was sieved gently by moving 5
times the sieve in the ethanol to separate the <50 um soil fraction from the >50 um. The >50 um

aggregate fraction was collected from the 50-um sieve, oven-dried and gently dry-sieved by hand on a
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column of six sieves: 2000, 1000, 500, 200, 100 and 50 um. The mass percentage of each aggregate
fraction was calculated, and by subtracting the mass of soil collected on sieves from the initial mass
analyzed mass we calculated even the <50um fraction. MWD is calculated as the sum of the mass
fraction of soil remaining on each sieve after sieving multiplied by the mean aperture of the adjacent

mesh:

_ X amm(Af<df)

100

MWD (6]

Where Af is the aggregate fraction abundance in % of the total weight of the analyzed sample
remaining in a specific f aggregate fraction (f = >2mm, 1-2mm, 0.5-1mm, 0.2-0.5mm, 0.1-0.2mm, and
0.05-0.01mm), and df the diameter in mm of the smaller sieve characterizing the lower boundary of
the f aggregate fraction.

To assess aggregate stability we chose Le Bissonais (1996) methodology since it unifies different
previously utilized methodologies that sum up the main aggregate disruption processes and it is
applicable to a wide range of soils (le Bissonais et al., 1996). This methods allow to simulate the main
mechanisms for aggregate disruption: slacking due to compression of entrapped air during wetting, 2)
micro cracking originating from swelling, 3) breaking due to mechanical action and 4) dispersion due
to osmotic stress (Rohoskova and Valla, 2004). Being one of the most complete and comprehensive
tests for aggregate stability assessment it it is widely used, however it present a major drawback: it
might overestimate MWD due to the fact that sand particles are not removed from its calculation

(Rohoskova and Valla, 2004)

3.2.7. Root traits
For each species, three out of the six plants in each pot were sampled and their root system carefully

washed and separated from the aboveground part. Roots were water-rinsed in a plate container. A 0.1
g composite subsample of roots was cut off from several parts of the root systems with scissors. After

being carefully washed, they were stained with a solution of methyl violet (0.5 g L?). Following
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McCormack et al. (2015), we visually separated transporting (long, thick, high-order roots (>3) and
absorptive roots (short, thin, low-order roots 1 — 3). Both types of roots were separately extended over
a transparent water filled tray and scanned at 800 dpi (Epson® perfection V700 PHOTO, Canada). The
software Winrhizo Pro® (Regent Instruments, Quebec, Canada) was used to determine root length (L,
in mm) per diamet”er class stretching from 0 to 2 mm with a 0.1 mm interval. . Winrhizo Pro® also
provides the mean diameter of the analyzed root sample (Prieto et al., 2016). We then calculated the

mean diameter of adsorptive roots (D.g), for in each soil and species type.

Specific root length (SRL, m g?) was calculated as the ratio between root length and dry root mass
(Esseinstat, 1992). Only absorptive root data were then used in the data analysis as they are most

short-lived and active in exudation, thus should be the main contributor of new C deposition to soil.

Following the same sampling and sorting manner, another sample of 0.1 g absorptive roots from the
same plants was obtained and then finely ground. The ground samples were analyzed with an
elemental analyzer Isoprimel00 coupled with an Elementar Varo Isotope Cube to determine root C

and N contents and root §*3C.

The remaining roots in the half pot were then oven dried at 60°C for three days and weighed to

determine the total root dry mass (in g) for each pot

Finally the amount of new C moved into the SILT+CLAY pool by g of root was calculated by standardizing
the ANew Csir-ciay for the g of dry root weight per gram of soil (DRW; g dry roots g soil). Also the
amount of new C moved into the SILT+CLAY pool by cm of root was calculated by standardizing the
ANew Csir+ciay for the length of the root (L, cm of roots g soil) per gram of soil. To calculate the root

L, we multiplied SRL per the DRW.
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3.2.8. Statistical analysis
One way analysis of variance (ANOVA) was performed to test the effects of plant and soil treatments

on

1) Ccontent: ACx, ANew Cx and AOId Cx for the C pool X and all pool summed (SUM)

2) Cquality: %Cx each C pool X

3) Soil, root and microorganism feature indicators, including initial SOC stock, FF, soil N content,
MWD, total root biomass, mean absorptive diameter, C:N ratio of absorptive roots, SRL of
absorptive roots, concentration of extracted DNA in ml? of soil solution as proxy for microbial

biomass, microbial activity (GMA) and metabolic community diversity (H) .

The normality of distribution of residues was verified using a Shapiro-Wilk test (cp = 0.05). Principal
component analysis (PCA) and Pearson’s correlations factors were used to study the relationships
between C sequestration indicators and soil type, root and microbial indicators. All the statistical
analyses were performed using the open-source statistical environment ‘R’, version 3.4.3 (R
Development Core Team, 2017) using the packages vegan and Hmisc. (Oksanen et al. 2019, Harrel

2007).

3.3.RESULTS
3.3.1. Changes in total soil carbon
In general, a decrease in mean total soil C content occurred after 6 months in subsoils (Fig. 1a,b). The
mean negative AC in bare subsoil (-0.37+0.18 mgC g soil) was not significantly different to that with
either L. perenne (-0.38+0.11 mgC g soil) or M. sativa (-0.17+0.25 mgC g* soil) present. Although the
presence of vegetation did not significantly affect total C in subsoil (ANOVA, p 20.05) (Figure 1b), mean
AC had a significant increase in topsoil (ANOVA, p < 0.05), with the highest increase in C content under

M. sativa (+0.68+0.36 mgC g soil), followed by L. perenne (+0.1+0.51 mgC g soil). In bare soil, AC was

106



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410
411

412

413

414

415

416

negative (-0.47+0.28 mgC g soil) (Figure 4.1a,b). ACsum was significant lower under M. sativa subsoil
compared to M. sativa topsoil (ANOVA, p <0.05), but no difference between soil types where observed
under L. perenne (ANOVA, p 20.05) due to the high variability in data. There was no effect of soil type

on ACsuwm in bare soil (ANOVA, p 20.05) (Fig. 1b).

Mean old C decreased in all treatments (Fig. 1a), although a slight positive AOId C could be occasionally
found in some pots (Fig. 2a). In topsoil, the increase in new C was sufficient to compensate for the loss
of old C, but it was not the case in subsoil, where ANew C was less than the AOId C (Figure 1a). As
expected, bare soil had a negligible input of new C, while topsoil under M. sativa had both the smallest
lower negative AOId C and the highest positive ANew C. Data were highly variable with regard to
negative AOId C in topsoil under L. perenne (Fig. 2a). The effect of species, AOld C and ANew C were
less pronounced in subsoil than in topsoil. In vegetated soils, positive ANew C was accompanied by a
smaller loss of old C (lower AOId C) (Fig. 2a). However, there were no consistent relationships between

changes in old C and in new C in either soil type or plant species (Fig. 2a).

Over 6 months, the amount of active C (i.e., | ACyew| + |ACoid|) represented 9.1% and 6.1% of the total
C contents for subsoil and topsoil, respectively. The amount of active C in topsoil was 1.5 times higher

than that in subsoil.

3.3.2. Changes in soil carbon in different soil C pools associated to soil fractions
In subsoil, ACsinerom Was significantly lower than in the other pools, (ANOVA, p=<0.05). The AC between

pools was not significant for M. sativa and bare soil due to the high variability in data (Figure 3a). In
tOpSO”, mean ACfinePOM was not significantly different with that in the ACPOM or ACSH_T. ACs||_T+c|_AY was

usually the highest among all the four C pools (Fig. 3a,b).

Regardless of soil type, plant species had a limited effect on AGsinerom and ACsr (Figure 3a, b). In subsoil,

plants increased ACrom (Fig. 3a), but not in topsoil. However, in topsoil, plants increased ACsit+ciay
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(1.28+0.63 mgC g* soil for M. sativa, 1.00 + 0.44 mgC g soil for L. perenne), compared to bare soil

(0.90£0.29 mgC g* soil). In the remaining C pools, AC significantly decreased (Figure 3b).

The only significant difference in soil planted with either species, was the increase in ACsi1:ciavin the

topsoil compared to subsoil (ANOVA, p < 0.01).

ANew Ciinerom and ANew Csir changed negligibly with regard to soil type and plant species (Fig. 4a,c).
Compared to bare soil, new C gain in planted subsoil soil was mainly located in the POM pool, while
new C gain in planted topsoil was located in both POM and CLAY+SILT C pools (Fig. 4a,c). Soil under M.

sativa had significantly higher ANew Cpom and ANew Csiirsciay pools compared to L. perenne (Fig. 4a,c).

The effect of soil type on old C was more accentuated compared to New C. In subsoil, neither C pool
and plant species had any effect on old C loss, which was always negative (C depletion). In topsoil,
instead, here was a positive accumulation for AOId Csiir+ciay, While this decreased in all the other pools
which did not differ among each other (Fig. 4b,d). Plant species had no effect on old C loss in any C

pool (ANOVA, p= 0.05).

3.3.3. Changes in carbon quality
M. sativa increases the % of C stored in the POM C pool over the total amount of C in the soil thanks

to high input of new C, while L. perenne and bare soil decreased the % of C in this pool (Fig. 5a). The %
of C stored in the finePOM and SILT pools decreased over at t6, with negligible inputs of new C (Fig.
5b,c). Finally, every treatment increased the % of C stored in the SILT+CLAY pool over the 6 months

compared to t0 (Fig. 5d).

3.3.4. Root, soil and microbial characteristics
Root biomass of both plant species was significantly higher in topsoil (M. sativa 17.53+2.03 g pot™, L.

perenne 4.09+1.43 g pot) than in subsoil (M. sativa 5.13+1.36 g pot™?, L. perenne 1.05+1.36 g pot?)
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(Tables 1, 2). In M. sativa soil type did not influence mean SRL, diameter or C:N ratio of absorptive
roots. In L. perenne, greater SRL (topsoil +11.97 m g?) and C:N ratio (+39.30) in subsoil was found
compared to topsoil (Tables 1, 2). In L. perenne, absorptive roots were thinner in subsoil compared to
topsoil (-0.01 mm; Tables 1, 2). M. sativa had greater root biomass (topsoil +13.44 g pot-1, subsoil
+4.08 g pot-1) and mean diameter, but lower SRL and C:N ratio than L. perenne, in both soils (Tables 1,
2). In topsoil, GMA, H and DNA mass were all significantly greater compared to subsoil once plants had
grown. In bare soil, GMA did not significantly differ among topsoil and subsoil (Tables 1, 2). In topsoil,
the presence of both species significantly increased GMA (M. sativa +10.39+4.63 pugC-CO, g* soil h?,
L. perenne +3.01+2.19 ugC-CO, g* soil h') and DNA concentration (M. sativa +5.33+5.29 ugC-CO, g
soil h%, L. perenne +4.73+6.37 ugC-CO, g soil h?) that did not differ between treatments (Tables 1, 2).
In subsoil, GMA decreased over the 6 months (M. sativa -1.59+1.53 pugC-CO, g* soil h'1, L. perenne -
0.16%2.73 pgC-CO, g soil h'1) while DNA concentration increased (L. perenne +2.00+1.41 ng uLY; M.
sativa 4.20+1.64 ng pL?t), and they did not differ between plant species (Table 2). In subsoil H was

significantly higher in soil planted with either species compared to bare soil (Tables 1, 2).

Soil type significantly influenced the soil structural and characteristics and N content: topsoil had a
higher MWD and N content regardless of plant species (Table 1, 2). The fine fraction (FF) was higher in
subsoil compared to topsoil (Tables 1, 2). There was a significant increase in MWD with both the
species in topsoil (M. sativa +0.52+0.29 mm, L. perenne +0.62+0.20 mm), while in subsoil MWD was
not significantly different from t0 or between treatment (Table 1, 2). Soil N and FF were not
significantly different among treatments (Tables 1 and 2) and soil N was depleted during the 6 months,
with subsoil showing an homogeneous depletion among treatments (-0.1+0.8 mgN g* soil) while in
subsoil L. perenne had higher decrease in soil N (-0.13+0.12 mgN g soil) compared to bare soil and M.

sativa. In subsoil, the presence of vegetation did not influence any of the soil characteristics.
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3.3.5. Relationship between changes in new C and old C and soil, microorganism and
root variables
The PCA conducted on the ANew C and AOId C in the different soil C pools, root traits, DNA mass, H

and GMA, and soil structural characteristics explained 83.9% of the total variance (Fig. 6). The first PCA
axis (horizontal) accounted for 63.3% of the variation. On the negative end, results were governed by
the ANew Cpom, ANeW Crinerom and ANew Csjit+ciay, and AOId Cenerom. At the positive end, results were
driven by total AOId Csym and AOId Csjir+ciay, While the remaining new C and old C pools were orthogonal
and more related to the second PCA axis (vertical), that accounted for 20.6%. Microbial traits (GMA,
DNA and H), MWD, soil N and root biomass, went all along the first axis (negative). Root traits linked
with recalcitrance (C:N ratio and SRL) and fine fraction percentage FF went along the 1% axis (positive)

together with AOId Csym and AOId Csiir«cuay.

The PCA strongly discriminated top- and subsoil at the two extremes of the first axis, with topsoil on
the negative end of the first axis, characterized by high GAM, H and DNA concentration, high MWD,
soil N and root biomass, correlated with ANew C and AOId Csinerom. Subsoil was on the positive end of
the first axis, with FF, root C:N and SRL, suggesting a loss of AOId Csym and AOId Csiir+ciay. Species were
discriminated mostly by the second axis, with L. perenne on the positive end of the axis together with
higher C:N ratio, SRL, and AOId Crom and M. sativa on the negative end, with high root biomass and
diameter of absorptive roots, illustrating a positive ANew Cpom pool and the ANew Csym, and negative

AOId Csiir and AOId Csir+cray.

The gain in new C, regardless of total new C, or within each soil C pool, was better related to every
analyzed variable than the loss of old C (Table 3). The gain in ANew C in every C pool was positively
correlated with microbial traits (GMA, H and DNA), except for ANew Cpom and H (Table 3). ANew Crowm,
ANew Csir+ciay, and ANew Csym were significantly and negatively correlated with SRL and C:N ratio of
absorptive roots. Apart from ANew Ceonm, the gain in new C in every soil fraction was positively
correlated with MWD and soil N content (Table 3), but negatively correlated with FF. The negative

AOIld C was significantly and positively correlated with H in AOId Cpom and with GMA in AOId Cinerom,
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but was negatively correlated with every microbial trait (GAM, H, DNA concentration) in AOld Cesir+cray
and AOId Csum. Root variables were poor predictors of total old C losses, except for root biomass, which
was positively correlated with the loss in AOId Csinerom and negatively with that in AOId Csiit+ciay. Soil
variables were all correlated with the losses in AOId Csiir+ciavand AOIdCsuym demonstrating an opposing
pattern compared with correlations with the gain in new C. The losses in AOId Cfinerom and in AOId Csir

were poorly correlated with most of the variables.

Finally, when standardized by dry root weight, ANew Csit+ciay in subsoil planted with either M. sativa
and L. perenne was different than that found in topsoil, but the difference was not significant (Fig. S5a;
ANOVA, p >0.05). When the ANew Csiir+clay Was standardized for every cm of root, no differences could

be observed between top- and subsoil planted with either species (Fig. S5b; ANOVA, p > 0.05).

3.4.DISCUSSION

Soil, with its biotic and abiotic characteristics, had the highest influence on C sequestration. New C
accumulation, old C and total C changes in terms of both absolute (C quantity) and relative (C quality)
values significantly differ among soil C pools, thus validating our Hypothesis 1. The most reactive pools
were POM and SILT+CLAY for new C accumulation. We examined the correlations between new C and
old C for total soil C and each C pool and found synergetic patterns in a generally consistent manner,
thus rejecting our Hypothesis 2. Finally, we showed that new C and old C changes could be partially
explained by multiple soil, microorganism and root variables despite their disparities in drivers,
validating our Hypothesis 3. In general, the main drivers for C storage were N content and microbial
activity, which influenced soil quality. Root biomass development was the third driver showing high
correlations with new C storage in soil fractions, but subdued to soil characteristics. We did not observe
a positive effect of lower C saturation on C storage in SILT+CLAY in subsoil, due to the lower biomass

development and microbial activity, resulting in a lower new C input. Regarding the applied aspect, we
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found topsoil had relatively higher new C gain and lower old C loss compared to subsoil and M. sativa
had a better performance in gain of new C and limit of old C loss than L. perenne, although such an
effect of species was moderated by soil type. Understanding and assessing the choice of plant and soil
on C sequestration will help shape practical guidelines in revegetation and restoration programs of

geotechnical systems, notably road embankments.

3.4.1. Importance of differentiating soil carbon origin and pools (Hypothesis 1)
Here, we clearly confirm the importance of disentangling the C fates of different origins and pools.

Taking the vegetated topsoil as an example, we found that the increase in total C after six months was
mainly attributed to a high input of new C in POM and to the high increase of new and old C in the
most stable SILT+CLAY pool. This result is in line with previous studies on either C origins (De Deyn et
al., 2008; Cotrufo et al., 2013; Liang et al., 2017; Vidal et al., 2018) or C quality by taking into account

C pools (O’Brien and Jastrow, 2013; Cardinael et al., 2015; Saenger et al., 2015; Chapter Il this thesis).

In topsoil, the total old C change was close to zero, but was actually an offset between an active and
high gain in old C in the SILT+CLAY pool and an active and high loss in old C in the POM pool. As the
fate of old C was not estimated in the different C pools, it is possible to wrongly diagnose that old C

was little active during the whole revegetation process.

The correlations between total AC and diverse soil, root and microbial characteristics, did not reveal
the relationships in most of the C pools. (e.g. Cardinale et al., 2015, Rossi et al., submitted). Being able
to separate new C and old C fluxes thanks to isotopic enrichment have proved fundamental to
investigate correlations that are hidden when considering the total AC as the sum of new and old C
changes in the system. Jointly considering C origins and pools enabled us to better depict the pathways
of C flux from plant roots to soil and among soil C pools. We found that, once soil was vegetated (either
topsoil or subsoil), the increase in total soil new C was mainly due to the increase in the least stable

POM pool. This result confirms the key role of plant roots in supply of C to the POM pool via root
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turnover, and is in line with results by e.g. De Deyn et al. (2008), Cotrufo et al. (2013) and Rees et al.
(2005). Surprisingly, we found a high 8%C signal in the SILT+CLAY pool for both soil types, which
corresponds to a minor, but non-negligible amount of new C supply into the most stable pool. Given
that this phenomenon is more pronounced for M. sativa (N>-fixing species, lower tissue recalcitrance
due to lower C:N ratio) than for L. perenne (non N-fixing species, higher tissue recalcitrance due to
higher C:N ratio), we may partially attribute this phenomenon to the higher mineralization rate of the
POM pool, that supplies the SILT+CLAY pool. However, in this case, we argue that POM is not the only
cause of the new Cincrease in the SILT+CLAY pool, as POM, consisting of plant residues rich in cellulous
and lignin, has a mean residence time much higher than six months, i.e., the experiment duration
(Cotrufo et al., 2015). Instead, it would be more likely that such new Cincrease in the SILT+CLAY pool in
the short term be a consequence of the higher microbial proliferation and activity induced by a higher
root exudation / microbial symbiosis with Rhizobium in M. sativa (Cotrufo et al., 2015). Such a
mechanism is incorporated as a part of the entombing effect in the recent “Soil Microbial Pump”
hypothesis (Liang et al. 2017). As an alternative pathway to the routinely characterized ex vivo C flux
from plant tissue to soil C pools via decomposition, the entombing effect refers to the in vivo C flux
from triggered microbial necromass and metabolites to the very stable soil C pools (Liang et al. 2017).
Although the estimation of microbial necromass was not available in this study and still remains a
technical bottleneck (Liang et al. 2019), we may expect a higher level of microbial necromass due to
the observed high GAM, H, DNA indicators in M. sativa, compared to L. perenne and bare soil.
Accordingly, our observed new C enhancement in both POM and the very stable SILT+CLAY C pools in

our experiment could be considered as novel data supporting the importance of the entombing effect.

3.4.2. Generally a strong synergy exists between new and old carbon (Hypothesis 2)
We found that soil that gained new C usually had a significantly smaller loss in old C. In topsoil sowed

with M. sativa, that had more new C input, , more labile tissues (low C:N content) and higher microbial
activity, old C loss in soil was much less than that in the vegetated subsoil treatment. This result is in

accordance with substrate utilization hypothesis developed by Cheng and Kuzyakov (2005) and
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observed in an incubation experiment by De Graaf et al. (2010). However, to our knowledge, this is the
first time we observed this mechanism in an in vivo experiment. According to this hypothesis,
microorganisms prefer labile C to stable C, thus resulting in a limited consumption of old C, especially
old C protected by fine soil particles. This mechanism is observed in soils with high fertility and mineral
nutrients, and when the input of fresh new C is adequate, which is our case in the topsoil treatment.
However, when mineral nutrients are low and fresh C input is low and insufficient to switch substrate
utilization preference, the low input of C increases the activity of microbes, that augment the
consumption of old C (Cheng and Kuzyakov 2005; De Graaf et al. 2010), as in our subsoil treatment. In
addition to the preexisting hypothesis, due to the use of fractionation, we can argue that the
entombing effect in the soil microbial pump hypothesis (Liang et al.,, 2017) can expand the
comprehension of the synergetic pattern. We observed that the synergetic pattern between new C
and old C changes was largely due to the same pattern existing in the SILT+CLAY C pool that received
more than 50% of total soil C. Due to the entombing effect, the maintenance of old C content against
old C loss in the SILT+CLAY pool may be a consequence of increased microbial biomass relying on the
old Cresource that consumes the old Cin unprotected coarser fractions and transfers to the SILT+CLAY
fraction via entombing of microbial exudates, exopolysaccharides and necromass (Cotrufo et al. 2013;
Liang et al. 2017; Vidal et al., 2018). Accordingly, soil with a greater microbial biomass (in our study,
topsoil) may have more advantages to maintain the size of the stable C pool via entombing effect
(necromass, microbial exudates and exopolysaccharides). Such a kind of increase in C due to microbial
necromass based old C should not be considered a part of old C. However, to what extent the increase
in microbial necromass relies on old C and new C is unknown, hindering the validity of the speculation.
Overall, understanding the role of microbial necromass and its underlying mechanism is an important

scientific lacuna in soil ecology to explore in the future.
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3.4.3. Root traits influence new carbon gain and old carbon changes, and are strongly
mediated by soil variables (Hypothesis 3)
The two plant species that we examined had contrasting functional root traits, i.e., SRL, diameter of

absorptive roots and C:N ratio that were negatively correlated with the gain of new Cin the POM pool,
and with new C in the SILT+CLAY C pool, however not with high significance. While this finding may be
possibly due to the short-term experiment in which species impact is not yet fully exerted, it could also
be attributed to the nature of these traits. Functional traits such as C:N ratio, diameter of absorptive
roots, and SRL are classified as morpho-physio-phenological (MPP) traits according to Violle et al.,
(2007), and the impact of these functional traits can be compensated by the effect of biomass, i.e., a
performance trait (Violle et al., 2007). In agreement with this hypothesis, we found root biomass a

much better predictor of new C gain in every soil C pool compared to the C:N ratio and SRL.

We found that the effect of species on new C gain is much less pronounced in the subsoil than in the
topsoil treatments, although the disparity of trait values between the two species in subsoil was still
very clear. This result suggests that the effect of root traits on C sequestration is strongly mediated by
soil characteristics. In the previous studies working on similar subjects soil treatment was usually
excluded (Roumet et al., 2016; Henneron et al., 2019; Rossi et al. submitted, Chapter I, this thesis). In
this study, we used two soil types that were similar in granulometric texture, but greatly differed in
physical, chemical and biological qualities. Topsoil had greater initial C and N contents, aggregate
stability and soil biodiversity than subsoil, suggesting that better soil quality is a primordial factor in

influencing plant performance in C sequestration.

Compared to new C, Aold C were generally much less sensitive to plant traits, including MPP traits e.g.,
C:N ratio, SRL and mean diameter and biomass. This result suggests that Aold C does not share the
same mechanism with Anew C and was less dependent on ex vivo C flux from plants. Compared to the
MPP traits, root biomass was a slightly better predictor of Aold C . This result can also be explained by
the preferential substrate utilization hypothesis (Cheng and Kuzyakov, 2005) and the boosting effect

of root biomass on microbial proliferation and activity (Fontaine and Barot 2005, De Deyn et al. 2008).
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Microbial communities may prefer consuming new C to old C, resulting in better maintenance of old

C.

M. sativa, as a N, fixing species increases microbial activity via symbiosis with Rhizobium bacteria
(Poirer et al. 2018), augmenting microbial exudation and input of exopolysaccharides in the SILT+CLAY
protected pool (Fehrmann and Weaver, 1978; Downie, 2010; Cotrufo et al., 2013). The increased
biomass of M. sativa and its lower C:N ratio (due to its N fixing ability) increases the labile C input in
soil (Warembourg et al. 2003; Roumet et al. 2005; Hernandez et al. 2017) again increasing
mineralization and deposition in the SILT+CLAY protected pool. Being able to differentiate fluxes of old
C and new C in soil allowed to observe the increased input of new C from N»-fixing M. sativa. This
higher input, when analyzing the total AC, was hidden by the changes in old C that were soil dependent
and not species dependent. This result helps to explain why different studies have discrepant results
regarding the C storage from N; fixing and non N; fixing species, where not always N fixing species
significantly increased AC compared to non N»-fixing species (e.g. Binkley, 2005; Fornara and Tilman,
2008; Chapter I, this thesis). The higher input of new C that N, fixing species provided due to a higher
root biomass, lower C:N ratio and fastest growth, might have been hidden by soil dependent old C

changes.

Overall, our finding highlights the necessity of studying the effect of functional traits on C sequestration
in a more refined manner (i) differentiating soil C origins and pools for a given soil enables us to better
identify soil C flux pathways that are more susceptible to vegetation; (ii) including the effect of soil
type can allow us to determine the magnitude of influence of plant trait disparities so as to take into
account more complex effects of interaction between soil features and root traits in future

experimental design.
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3.4.4. Microbiological activity can explain the disparity in new C and old C changes
between topsoil and subsoil
The soil C saturation theory states that a soil with lower amount of C in the fine SILT+CLAY particle

fraction has a higher potential for organomineral interactions and the derived C storage in the fine
SILT+CLAY C pool (Six et al 2002). Given the lower initial C content in the SILT+CLAY pool at t0 and the
significant slightly higher fine fraction ratio in subsoil, we expected a faster increase in new C in the
SILT+CLAY pool given the same amount of C input from biomass. Our results support the C saturation
theory to a certain extent, as the increase in new C in the SILT+CLAY per unit root biomass or length in
subsoil was slightly higher than that in topsoil but not significant (Fig. S5). This difference was
disproportionally less than the difference in initial C content between two soil types. We argue that
the fine fraction abundance and soil C saturation can have a positive influence on C stored via
organomineral interactions if other conditions, especially soil microbiological conditions are previously
met. Recent studies have highlighted the importance of considering the robustness of soil microbial
diversity as a soil quality indicator (Bouchez et al., 2016; Karimi et al., 2017), thus challenging the
conventional use of only physical and chemical soil quality indicators. In this study, we have shown
that microorganisms play a central role in the gain of new C and loss of old C in the SILT+CLAY pool.
The higher microbial activity and diversity in topsoil from t0 to t6 may compensate the less favorable
physical and chemical quality (lower fine fraction and higher initial C content) for C sequestration.
Therefore, if microbial communities are not considered in the prediction of soil C sequestration, results

will be flawed.

Along with greater microbial diversity, an increase in aggregate stability (MWD) and N content in
topsoil could also promote a synergetic effect that augments C sequestration. The physical protective
role of aggregates for C stock is widely documented (Hassink et al., 1992; Six et al., 2002; Chevallier et
al. 2004; Rasse et al. 2005; O’Brien et al., 2013; King et al., 2019). A high soil N content in topsoil will

also improve plant development and subsequent biomass, thus affecting C input and microbial
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diversity. We suggest therefore, that a comprehensive indicator of soil health for plant performance

and C sequestration should incorporate physical, chemical and microbiological characteristics.

3.4.5. Practical applications
This study provides useful implications for future engineers to choose appropriate soil and species in

road embankment revegetation to favor C sequestration. First, with the dominant effect over months
of soil over species found in this study, choosing healthy and functional soil is of primary importance
for C sequestration. Topsoil has shown a clearly better performance in C sequestration than subsoil.
However, implementing topsoil over large scales is unrealistic when revegetating a site, because the
amount of topsoil is relatively limited and over-exploitation of topsoil may further provoke
environmental issues for the location where the topsoil is removed. Although subsoil has higher C
sequestration potential due to its lower initial C content, attention should be paid to the microbial
diversity and functioning in subsoil. Inoculation of soil with suitable microbial communities and
fertilizer would therefore be necessary to favor both revegetation and soil C sequestration (Dou et al.

2016, Guo et al., 2019).

Once soil quality is ensured, choosing appropriate species will be a bonus for boosting new C input and
protecting old C against priming. In our experiment that lasted 6 months, and so corresponds to the
initial planting stage in the field, M. sativa had a better performance than L. perenne, and also
enhanced soil aggregate stability, thus decreasing soil erodibility. However, the long-term effects of

revegetation on long-term soil C fates should also be investigated.

3.5.CONCLUSIONS

We designed an experiment with fully crossed treatments between vegetation and soil in microcosms

and used stable isotopic (*3C) labelling to assess new C input and old C changes in the soil system. We
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revealed the distinct fates of new C and old Cin soil, in both absolute values and relative values, among

different soil C pools related to soil fractions, highlighting:

The major influence of soil, with the topsoil treatment having a higher C storage capacity
compared to the subsoil treatment due to higher soil quality that increase biomass
development and C input in POM C pool, and higher microbial biomass and activity that
favors entombing of C in the stable SILT+CLAY pool.

We evidence the necessity of considering both C fluxes in pools associated to soil fractions
and origin of C (new and old C) when studying C dynamics in soil. An example being old C
decreasing in the POM C pool and increasing in the SILT+CLAY C pool in the topsoil
treatment. If only AC or Aold C in bulk soil was considered no changes would have been
observed, and the old C would have been considered inactive, masking the real mechanisms
behind soil C sequestration in the topsoil treatment.

New C increased not only in the POM C pool, but also in the more stable SILT+CLAY pool.
Given the short duration of the experiment, this flux is probably due to entombing of
microbial necromass and microbial exudates and exopolysaccharides more than
degradation of POM.

New C and old C covaried similarly in the SILT+CLAY C pool. A higher increase of new C
resulted in a lower decrease of old C due to a microbiological switch of substrate
preference.

Changes in new and old C differed depending on plant and soil characteristics. N, fixing M.
sativa higher root biomass labile input in soil increased the amount of new Cin soil. N; fixing
M. sativa also increased microbial biomass and activity that favor the mineralization of C
from exudates or POM and transport into the SILT+CLAY protected fraction. Root biomass

was the trait better correlated with new C input in soil C pools.
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° The lack of microbiological activity and the lower root biomass decreased the transfer of
new Cin the SILT+CLAY pool in the subsoil treatment. For this reason, the lower C saturation
did not increase the total new C content in SILT+CLAY pool in the subsoil treatment as
expected. When normalized for the root biomass, however, the system showed the
opposite behavior, and the subsoil treatment had a higher amount of new C stored in
SILT+CLAY for g of root. We argue that C saturation effect might be present but is subdued

to soil fertility and microbiological activity.

Such a fundamental understanding of plant-soil interactions may help us to better optimize soil and
vegetation management for road embankment revegetation. Long-term observations are now needed
for a better assessment of the roles of plant and soil characteristics in soil C cycling and long-term

sequestration.
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FIGURES AND TABLES

Table 1: Root, microbial and soil characteristics analyzed at time 0, after 183 days of experiment (time 6 months),
and the difference between time 0 and time 6, for M. sativa, L. perenne sowed on tospoil and subsoil, plus bare soil
controls. Root traits: Root biomass (g), specific root length (SRL, m g'), diameter of absorptive roots (mm),
adsorptive roots C:N ratio; Microbial characteristics: global metabolic activity (GMA, ugC-COz2 g~' soil h~1), Shannon
metabolic diversity (H), concentration of DNA in solution as proxy for microbial biomass (DNA, ng uL™); Soil
characteristics: mean weight diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g™ soil),

percentage of fine fraction <20um in soil (FF, %).

SUBSOIL TOPSOIL
Bare soil L. perenne M. sativa _ Bare soil L. perenne M. sativa
Micorbial GMA (pgC-CO: g 'soilh™) 7.56%1.1 - - 8.68+1.94 - -
characteristics
H () 0.85+0.17 - - 1.14%0.05 - -
. DNA concentration (ng pL'l) 1.00£0.00 - - 13.67+3.06 - -
Time0
Soil MWD (mm) 0.820.03 - - 1.55+0.02 - -
characteristics 1
Soil N (mg N g soil) 0.75+0.04 - - 1.25+0.06 - -
FF (%) 51.00+1.00 - - 43.00£1.00 - -
Root traits Root biomass (g) - 1.05£0.34  5.13+1.36 - 4.09+1.43  17.53+2.03
SRL absorptive roots (m g'] soil) - 34.92+4.72  14.77£7.87 - 23.25+2.98 10.25+0.57
Diameter absorptive roots (mm) - 0.09£0.02  0.27+0.04 - 0.10£0.02  0.26x0.01
Absorptive roots C:N - 90.78%15.53  20.12+2.42 - 51.48+10.73  20.23+1.31
Time 6 Micorbial GMA (pgC-CO2 g " soil h™") 6.77+0.72  7.41#2.50  5.98+1.06  7.41+1.72 11.69+1.02 19.06+4.21
characteristics
months H (-+ 0.78+0.07  0.93#0.08  0.90+0.04  1.16+0.01  1.17+0.00  1.17+0.00
DNA concentration (ng pL'l) 4.00£2.22 3.00£1.41 5.20£1.64 18.40+5.90 18.40+5.59 19.00+4.32
Soil MWD (mm) 0.84+0.10  0.78+0.07  0.89£0.08  1.64=0.08  2.17+0.20  2.07+0.29
characteristics 1
Soil N (mg N g soil) 0.63%0.05 0.65+0.08 0.65+0.05 1.19+0.14 1.12+0.10 1.23+0.10
FF (%) 49.84%1.17 50.62%=1.16 50.77+0.58 42.24*x1.26 42.01x1.31 41.87+1.42
Micorbial GMA (ngC-CO: g 'soilh™) 3.0042.22  -0.16+2.73  -1.59+1.53 -1.27+2.59  3.01£2.19 10.39+4.63
characteristics
H(-) -0.07+0.18  0.08+0.18 0.06+0.17  0.02+0.05  0.03+0.05 0.03+0.05
A DNA concentration (ng pL'l) 3.00+2.22 2.00+1.41 4.20+1.64 4.73+6.64 4.73+6.37 5.33+£5.29
t0-t6
Soil MWD (mm) 0.02£0.1  -0.03+0.08  0.08+0.08  0.120.08  0.62£0.20  0.52+0.29
characteristics 1
Soil N (mg N g soil) -0.11x0.07 -0.1£0.09 -0.1+0.07  -0.06+0.15 -0.13%0.12  -0.02+0.12
FF (%) -0.01%£0.02  -0.01%0.01 0.00£0.01 0.00£0.02  -0.01x0.02 -0.01£0.02

For At0-16 the red values indicate a loss in 6 months, black value a gain
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Table 2: Statistical analysis of the effect of treatments (soil and species) on on root, microbial and soil characteristics
analyzed after 183 days of experiment for M. sativa, L. perenne sowed on tospoil and subsoil, plus bare soil controls.
Root traits: Root traits: Root biomass (g), specific root length (SRL, m g"), diameter of absorptive roots (mm),
adsorptive roots C:N ratio; Microbial characteristics: global metabolic activity (GMA, ugC-CO2 g~' soil h~1), Shannon
metabolic diversity (H), concentration of DNA in solution as proxy for microbial biomass (DNA, ng uL™); Soil
characteristics: mean weight diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g soil),
percentage of fine fraction <20um in soil (FF, %).. Data where normal according to the Shapiro-Wilk test and the
ANOVA test was utilized to asses statistical differences.

Soil Variable df F )4
TOpSOil Root biomass 1,7 136.8  <0.001%*%**
SRL absorptive roots 1,6 73.33  <0.001%**
Diameter absorptive roots 1,6 2246 <0.0071%**
Absorptive roots C:N 1,7 32.61  <0.0071%**
GMA 2,11 24.19  <0.001%**
H 2,11 5.925  0.0179 *
DNA concentration 2,11 0.018 0.983
MWD 2,11 9.953  0.00341 **
Effect of Soil N 2,11 1.168  0.347
FF 2,11 0.034  0.967
treatmen )
Subsoil Root biomass 1,8 4213 <0.001%%**
t SRL absorptive roots 1,7 22.98  0.00198 **
Diameter absorptive roots 1,7 64.44  <0.001%**
Absorptive roots C:N 1,7 104 <0.001%**
GMA 2,11 0.914 0.429
H 2,11 6.827 0.0118 *
DNA concentration 2,11 2.181 0.159
MWD 2,11 2.263  0.15
Soil N 2,11 0.079  0.925
FF 2,11 0.662  0.535
M.sativa Root biomass 1,7 120.9  <0.001***
SRL absorptive roots 1,6 1.314  0.295
Diameter absorptive roots 1,6 0.098 0.765
Absorptive roots C:N 1,7 0.006  0.939
GMA 1,7 46.22  <0.001%**
H 1,7 150.6  <0.001%**
DNA concentration 1,7 44.35  <0.001%**
MWD 1,7 80.22  <0.0071%**
Soil N 1,7 129.6  <0.001%**
FF 1,7 159.8  <0.007##:
L.perenne Root biomass 1,8 21.33  <0.001%**
SRL absorptive roots 1,7 18.3  0.00366 **
Effect of Diameter absorptive roots 1,7 0.738  <0.001%*:*
Soil Absorptive roots C:N 1,7 20.3  0.00278 **
GMA 1,8 12.57  0.00757 **
H 1,8 40.75  <0.007 %
DNA concentration 1,8 35.61  <0.0071%:**
MWD 1,8 2204 <0.001%**
Soil N 1,8 7242 <0.001%%*
FF 1,8 132.1  <0.001%**
Bare soil GMA 1,7 0.398  0.548
H 1,7 149 <0.001%**
DNA concentration 1,7 18.83  0.0034 **
MWD 1,7 178.9  <0.001#:
Soil N 1,7 56.59  <0.001%**
FF 1,7 45.36  <0.001%#%**
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Table 3: Pearson’s correlation coefficients (r) showing relationships between microbial characteristics, root
variables, soil structural characteristics and New, Old C, and AC in different soil C pools. Root traits: Root biomass
(9), specific root length (SRL, m g™"), diameter of absorptive roots (mm), absorptive roots C:N ratio; Microbial
characteristics: global metabolic activity (GMA, ugC-CO2 g~' soil h-'), Shannon metabolic diversity (H),
concentration of DNA in solution as proxy for microbial biomass (DNA, ng uL"); Soil characteristics: mean weight
diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g soil), percentage of fine fraction <20pum
in soil (FF, %). Data where normal according to the Shapiro-Wilk test and the ANOVA test was utilized to asses
statistical differences.

Specific root

Diameter of C:N ratio of Global Shannon Microbial Aggregates . .
R.OOt lenght o.f absorptive  absorptive metabolic metabolic DNA mean weight Soil nitrogen Fine fraction
?1130 n;]d;; z:(l))(s;)srptlve roots roots(C:N_A  activity diversity concentration  diameter (Soil_N) Zglr:;entage
- (SRL_AD) (Diam_AD) D) (GMA) index (H) (DNA) (MWD)
NewCpou  0.77%%* 0.59%* -0.66%* 0.57* 0.34 0.53* 0.36 0.43
NewC finerom  0.57% 0.06 -0.39 0.71%%* 0.90%* 0.87%%* 0.97%%* 0.94%*
NewC iy 0.60%* 0.06 -0.35 0.73%%* 0.86%* 0.85%%** 0,94 0.94%*
NewCsit+ciay  0.83%** 0.45 -0.57* 0.84%* 0.69%* 0.71%%* 0.74%%* 0.82%%*
NewCsym — 0.88%%* 0.56* -0.69%* 0.76%%* 0.57* 0.717%%* 0.61%* 0.69%*
0ldC pom 0.25 -0.08 -0.08 -0.04 0.38 0.53* 0.38 0.57* 0.59%* -0.57*
0ldC finerom 0.58%% -0.3 0.14 -0.17 0.51%* 0.36 0.33 0.38 0.43 -0.38
OldC iy 0.06 -0.2 0.05 -0.17 -0.09 0.05 0.05 -0.02 -0.11 0.02
OldCitrclay ~ -0.55% 0.28 0 0.21 -0.71%%* (.83 -0.70%%* (.87 -0.87%%* 0.86%**
0ldC sum -0.44 0.24 -0.07 0.23 -0.59%* -0.57* -0.60%* -0.58%%* -0.59%* 0.56*
A C pom 0.02 -0.13 0.24 -0.17 -0.16 -0.36 -0.16 -0.39 -0.38 0.39
AC finepom -0.47* 0.22 -0.13 0.09 -0.37 -0.17 -0.37 -0.17 -0.24 0.18
AC iy 0.01 0.16 -0.04 0.13 0.17 0.05 0.17 0.12 0.21 -0.12
AC siir+clay 0.60%* -0.33 0.05 -0.26 0.74%%* 0.83%%* 0.74%%* 0.87%%* 0.89%*
AC sum 0.72%%%* -0.52% 0.33 -0.50* 0.74%%* 0.63** 0.74%%* 0.66** 0.70%%*
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Figure 1. Total soil carbon (C) concentration (a) and concentration changes (b) among different soil types and
vegetation treatments from {0 (experiment set-up) to {6 (harvest, i.e. 183 days after). In (a): total C concentration at
t0, corresponding to old C concentration at t0, are all identical within each soil type. In (b), , for each boxplot, the
lower edge of the box corresponds to the 25™ percentile data point, while the top edge of the box corresponds to
the 75™ percentile data point; the upper and lower vertical lines corresponds to the 90" and 10™ percentile data
points, respectively; the horizontal line within the box represents the median and black dots indicate outliers. Letters
above the boxplots indicate statistically significant differences (p < 0.05*) between species and controls according
to Tukey HSD test.
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Figure 2. Relationships between the loss of OldC and gain in NewC in soil for (a) the sum of old and new C in every pool, (b) the POM pool and (c) the SILT+CLAY pool. The red
solid line shows correlation between old ¢ decrease and new c input for the vegetated treatment (without considering bare soil control). The grey dashed line shows the divide of
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Figure 3: Comparison of the difference in carbon (AC) after 6 months in different soil C pools and for each treatment
in a) subsoil and b) topsoil. In each boxplot, the lower edge of the box corresponds to the 25th percentile data point,
while the top edge of the box corresponds to the 75th percentile data point. The line within the box represents the
median and black dots indicate outliers. Different letters above the boxplots indicate statistically significant
differences (p < 0.05) between families and controls according to Tukey HSD test.
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Figure 4: Gain of new C and changes in old C in 4 different C pools (POM, finePOM, SILT, SILT+CLAY) and in the
total bulk soil (as sum of the different pools, Sum) for bare soil control (light yellow), L. perenne (orange), and M.
sativa (red). a) shows the fluxes of new C in topsoil, b) the fluxes of old C in topsoil, c) the fluxes of new C in subsail,
and d) the fluxes of old C in subsaoil. In each boxplot, the lower edge of the box corresponds to the 25th percentile
data point, while the top edge of the box corresponds to the 75th percentile data point. The line within the box
represents the median and black dots indicate outliers.Different letters above the boxplots indicate statistically
significant differences (p < 0.05) between species treatments according to Tukey HSD test.
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Figure 5: C concentration in % of total C in the different soil C pools at t0 and t6 (after 183 days of experiment). At t6 the C is divided in % of new C in soil (black) and old C in
soil (white). (a) shows the C concentration in % in POM pool, (b) in fine POM pool, (c) in SILT pool, and (d) in SILT+CLAY pool.
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Figure 6: Principal Component Analysis of (a) new C input and (b) old C fluxes in different soil C pools and root traits (SRL_AD: specific root length of absorptive roots, C:N_AD:
C:N ratio of absorptive roots, R_bio: root biomass and Diam_AD: diameter of absorptive roots), microbioal processes indicators (ADN: concentration of DNA as proxy for microbial
biomass, GMA: global betabolic activity, H: Shannon metabolic diversity),and soil structure indicators (MWD: mean weight diameters of aggregates, Soil_N: nitrogen content in
soil, and FF: percentage of fine fraction <20 my) in soil. Triangles are topsoil and dots subsoil. Green is M.sativa and red is L.perenne. (a) and (b) shows the same PCA analysys,
but in (a) only the arrows of new C are shown, while in (b) only the arrows for old C, for a better comprehension of the graph.
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SUPPLEMENTARY MATERIALS

Method S1: Soil fractionation according to Gavinelli et al. (1995) methodology

Gavinelli et al. (1995) methodology:

1.
2.

10.
11.

12.

Soil is sieved at 2mm and 40g are collected for fractionation

Soil presoaked overnight at 4 °C in 300 mL of deionized water with 0.5g HMP (sodium
metaphosphate)

Shaken with 5 agate balls (d 10 mm) in a rotary shaker, maximum frequency for 2h in case of sandy
soils, 6h for other soils.

Soil suspension wet sieved through a 200 um

Fraction remaining on sieves (2000-200 um) washed with water in a bowl for POM separation via
flotation, while the remaining >200 um fraction is collected in a beaker for further farctioning

The POM is separated from the sand fractions by submerging the 2000-200 um fraction in deionized
water. The POM will float while the sand will drown. Carefully collect the POM using a sieve and
separate it from the sand (coarse POM fraction). The sand fraction is collected in a glass beaker
after separation from POM (sand fraction)

>200 um suspension is sieved at 50 um and the 200-50 um is gently washed with deionized water
from the sieve and collected in a glass beaker (finePOM fraction)

>50 um suspension sonicated for 10 minutes

>50 um suspension sieved with 20 um screen and 50-20 um is gently washed with deionized water
from the sieve and collected in a glass beaker (coarse SILT fraction)

Transfer of >20 um suspension in 1 L glass cylinder and add water to bring the volumeto 1 L

>20 um suspension shaken by hand (30 tumbling) and collection of 100 ml immediately after
(aliquot for the fine SILT+CLAY fraction)

The resulting beakers containing the soil suspension of the different fractions are collected and

oven dried at 60 °C until all the water evaporates
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Figure S1: Soil fractionation according to the Gavinelli et al. (1995) methodology
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Fig. S3 (ONICA et al.2018): scheme of the functioning of a deep well detection system. Soil is placed in a deepwell and
sealed, the CO2 respired and accumulating in the detection well change the colour of the detection gel according to the
equation [4.5]

Method S2

The principle of the MicroResp is to utilize a colored detection gel (Cresol red) that change color when

changing pH or increasing the CO2 concentration according to the equation:
CO; (gaz) + H20 + HCO3-<> 2C03%+ 3 H* [4.5]
When the pH diminishes, the Cresol red turns from pink to yellow. (Fig. S3)

The first step in the process is to prepare the detection gel in the MicroResp plaques. The preparation of
detection gel is a fundamental step to assess the calibration curve of each detection plaque and calibrate
the results based on the gel preparation, where %C0O, = A+ B/ (1 + D * DOnorm). First an Agar solution is
prepared, mixing 3g of agar with 100ml of deionized water, mixed in an autoclave for 20mminutes at 120°C.

After the indicator solution is prepared mixing 0.315 g NaHCOs (final: 2.5 mM), 16.77 g KCl (final: 150 mM)
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and 18.75 mg cresol red (final: 12.5 pg ml-1 or 20 ppm), in 900 ml of deionized water and brought at 65°C
to dissolve. The 1000ml solution is transferred to an open bottle and stored at 4°C for 6 months maximum.
To prepare the gel 100ml of the 3% agar solution are melted and kept at 60°C. Separately, other 200ml of
the indicator solution are melted at 6°°C while stirring, and after mixed with the agar solution. The mixture
is then distributed in the detection plaques, 150ul of solution for each one of the 96 detection well of each
plaque. To avoid the formation of bubbles the gel is kept throughout the processin a baker of boiling water
and the tip of the pipette used to distribute the solution is preheat in boiling water. When the gel is solidified
(2-3h) the plaques are stored in a dessicator at room temperature in a dark room with a baker of soda and
a cup of water for 2-3 days to allow each microplate to reach CO2 equilibrium. After they are covered in

parafilm.

After the detection plaque are prepared a calibration process is needed for every new detection plaque. 12
strips (8 wells each) made for calibration containing the indicator gel are scanned used a Victor 1420
Multilabel Counter (PerkinElmer, Massachusetts, USA) to asses the initial DO590 (DQinitiales). Twenty-four
150ml serum vials are prepared, each containing % a strip of detection gel (4 wells), and injected with known
CO2 concentration with a syringe in order to have a CO2 concentration range (from 0% CO2 concentration
to 4% CO2 concentration, 6040 vol CO2 (ul), increasing the concentration in each vial of 0.1%). The strips
are incubated for 2h at 25°C to achieve balance with the CO2 in each serum vial. After 2h the concentration
of CO2 is assessed in the vials using the GC-microcatha measurement. The detection strips are then retrieve

and immediately read at 590nm to assess the DOfinales. Finally the calibration is finalized as follow:

e Normalize DOdata: DOnorm = DOfinal/ DOinitia * average (D Oinitiat)
e Draw the DOnom Vs [CO,] calibration curve in %.

e Fit the curve (rectangular hyperbola regression %CO,=A + B /(1 + D * DOnorm)

The next step in the MicroResp protocol is to prepare the different substrate solutions. The idea is to give
1.5 mg of C for each g of dry soil (substrate saturation) and reach a humidity level of 80% of field capacity.
For each soil type is therefore necessary to determine 1) the field capacity in g of water per g of soil and 2)
the soil mass distributed in each well by the MicroResp filling device. Field capacity for the soil was
calculated at 28.3%. Three plaques for each soil where filled with the MicroResp filling device and weighted
to estimate the average soil content in each MicroResp well, set at 0.5+0.04g well. 1.2ml of solution have
been added to each MicroResp well. The solution have been prepared using miliQ water and sterilized using

0.45 pm paper filters, stored in sterilized falcon tubes at 4°C.
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The substrates used for the MicroResp analyses were chosen based on their biological properties and are
reported in Table S1. In every detection plate an extra substrate with pure MillQ water were added as
control. In each plaque (96 wells) we tested 2 samples, one in each half of the plaque, for a total of 48 wells
per samples organized as follow: 3 sub replicates per substrate (15 substrate) plus 3 sub replicate per the

millQ water control (Fig.S4).
Each sample was prepared as follow:

e |dentify the deepwell plate and the sample used

e Tare the deepwell plate

e Hide half of the filling device, place it above a deepwell plate, covered with plastic sheeting, fill
half of the filling device with the ground and remove the excess with a spatula.

e Pull the plastic sheet to drop the soil into the wells, then weigh and record the mass of soil used
for the half plate (48 wells). Tare again before filling the second half of the plate with the other

soil sample.
The samples are analyzed as follow:

e Attime 0 the substrate are added using a multichannel pipette to each wells of the deepwell
plate, cover with the parafilm and incubated at 25°C in the dark for 2h

e Before the end of the 2h incubation, the DOsqot0 of each detection placed is taken with a Victor
1420 Multilabel Counter (PerkinElmer, Massachusetts, USA). After two hours the detection plate
is placed above the analysis plate with and sealed with a clamp. Resume incubation at 25°C for an
additional 4 hours.

e Attime 6h: the detection plate are detached from the deepweell and immediately read using a

Victor 1420 Multilabel Counter (PerkinElmer, Massachusetts, USA) to determine the DOsqot6
For the data analysis the following steps were taken:

e Retrieve DO data at t0 and t6 for each plate. Check that the coefficient of variation of the DOsgo of
each detection half plate at tO does not exceed 5% (otherwise, remove the outliers DO values).

¢ Normalize the data: DOnorm = DOt6/DOt2*average (DOt2)

e Convert DOnorm to % CO2 from calibration data: %C0O2=A+ B /(1 + D * DOnorm). The data for the
calibration curve were A=-0.29,B=-0.87,D=-7.72

e Convert these %CO2 to SIR (ug C-substrate g-1 soil h-1) according to the incubation time and soil

mass in each well.
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962  The aim of the MicroResp is to characterize the differences in functional activity of microbiological

963 communities. The activity was assessed on soil sampled and t0 and t6.
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Table S1: Substrates used for the MicroResp

Interest and biological
Code Substrate . & Reference Formula
properties
Carbohydrates :
Potential comparison with SIR and . . .
GLU D-glucose cellulose compound Reactive to different soils C6H12H6
XYL Xylan Compost of hem'lcellulose, changes Reactive to different soils (C5H805)n
strongly according to the seasons
plus dur a dégrader et comparaison
CEL Cellulose potentielle Bérard (CeH100s5)n
avec résultats DCP
Amino acid
ASP L-Asparagine Reactive to different soils C4H8N203
SER L-Serine Reactive to different soils C3H7NO3
LYS L-Lysine Reactive to different soils C6H14N202
. responds well when decomposed . .
GLY Glycme results Berard, precursor ac uric Bérard, article CaHsNO,
. Linked to the metabolism of nitrogen . .
GLUT L-Glutamine and ammonia fixation on glutamic acid données terrain CsH10N203
N-acetyl Chitin monomer, found in insects
Nac g|ucosamine exoskeleton and fungi Dalmonech CsH15NOs
arboxylic acid (more recalcitran
Carboxyl d Icitrant
. . Root and exudates compontent linked From field trial, Dalmonech,
OX Oxalic acid with Malic acid Bérard C2H204
UR Ureic acid extruded by isopods (and diplopods) From field tBrélz;l;lj,rgalmonech, C5H4N403
. . Root and exudates compontent, useful
MAL Mallque acid in fermentation processes C6H605
Phenolic acid (strongly recalcitrant)
. . Close to rosemaric acid (extruded by .
CAF Cafeic acid Lamiaceae) Bérard CoHsO4
- . produit de la dégradation de pigments
SYR Syringic acid végétaux la malvidine Dalmonech C9H1005
s . produit de dégradation de la lignine par
VAN Vanillic acid les champignons Oren CsHgO4
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Figure S4:Scheme representing the organization of the MicroResp detection plate, showing the three replicates for each
substrate used, the three for the H20 control and the separation of 2 replicates analyzed in the same MicroResp system.
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Figure S5: (a) New C moved in the SILT+CLAY fraction in subsaoil (light ocra) and tospoil (orange) for g of root biomass
for the two different treatments (L. perenne, M. sativa) in 183 days of experiment. (b) New C moved in the SILT+CLAY
fraction in subsoil (light ocra) and tospoil (orange) for cm of root for the two different treatments (L. perenne, M. sativa)
in 183 days of experiment. , for each boxplot, the lower edge of the box corresponds to the 25" percentile data point,
while the top edge of the box corresponds to the 75" percentile data point; the upper and lower vertical lines corresponds
to the 90t and 10" percentile data points, respectively; the horizontal line within the box represents the median and black
dots indicate outliers. Letters above the boxplots indicate statistically significant differences (p < 0.05*) between species
and controls according to Tukey HSD test.
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Chapter IV: Soil quality drives the priming effect and plant
species refine it

Embankments as a carbon sink: a study on carbon sequestration pathways and mechanisms in topseil and exposed subsoil
General research questions:
* What is the effect of plant and soil features on soil C sequestration in terms of quantity and quality of stored C? (Fundamental research question)
* Which are the best possible plant and soil practices that can be implemented to increase soil C storage in embankments and, possibly, in grey
soils from geotechnical work? (Applied research question)

RespiroTion === Chapter IV (air oriented)
out
aul / * How does revegetating topsoil and

. - /\ 7 \ subsoil brought to the surface

| Plant Input — with M. sativa and L. perenne

P \—/) influence old Closses and
> priming?

o \\ * What is the magnitude of priming
f \

effect in C pools associated to
4(1:> Microbial different soil fractions?
\ Communities
* How does the source of respired
CO, evolve over time, and what

'\ Soil J_L are its correlations with old C
ol N losses, new Cinput and priming?

/
( B|ochem|ccl \\ ’—> Physical
pro‘rec‘non protection
\,R___ ]
\
‘L'\ 4 =

In Chapters Il and Il we investigated the C storage in different C pools and its relationship with soil, root
and microbiological characteristics. However, vegetation can also have a negative effect on soil C storage
increasing the preexistent old C mineralization and loss compared to bare soil - the so called ‘priming
effect’. In Chapter IV we aim to tackle this aspect, and study the how plant species and soil showing
contrasting characteristics influence the priming effect, analyzing soil respiration origin and changes in
soil old C in bulk soil and different soil C pools, and describing the main factors that influence our plant-
soil system: microbiological substrate preference and N competition.
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4.1.INTRODUCTION

Using vegetation to increase soil C sequestration in soil is recognized as an efficient method to mitigate
atmospheric CO; content. Accordingly, national and supranational organizations designed
international programs to promote C storage in soil e.g., the 4p1000 initiative (www.4p1000.0rg,
Minasny et al. 2017). The net input of C in an ecosystem is jointly determined by fresh biomass input
of new C via plant biomass turnover and labile rhizodeposition (new C) and losses of old preexistent C
in soil (old C) (Kuzyakov and Domanski, 2000; De Deyn et al., 2008; Lal 1994; Smith et al., 2000; De
Deyn et al., 2008). Both processes are not independent, but can have strong interactions. Especially,
concerns about the fate of the preexisting old C loss due to such a fresh new C input from plants have
been raised increasingly. Such a phenomenon, called the priming effect (PE), refers to input of labile C
from plants that can accelerate (positive PE) or decelerate (negative PE) mineralization and losses of

preexistent old C from soil (Kuzyakov et al., 2000, Fig. 1).

The PE depends on the nature of the substrate consumed by the soil microorganisms, which could be
altered by plant and soil conditions (Hamer and Marschner, 2005; Shahzad et al., 2015; Huo et al.,
2017). Therefore, understanding the impact of plant and soil characteristics on the amount of primed
C has become a key research objective. Among the diverse factors affecting C sequestration, soil
particle size and associated C pools is considered as a major factor affecting PE. The commonly used
classification of soil C pools associated to soil particle size fractions in literature refers to four C pools.
First Cin particulate organic matter (POM) (Cpowm, 2000-200m), and C in fine POM (Cfineronm, 200-50pm)
originating from plant litter debris at different levels of degradation, and less protected from
degradation (Kogel-Knabner, 2002). After the pools more stable due to their organomineral binding
with fine soil particles: C in coarse SILT (Csir, 50-20 um) and C in fine SILT + CLAY (Csir+ciay, <20um),
deriving from exudation and processed C from microbiological communities in form of exudates,
exopolysaccharides and microbial necromass(Sollins et al., 1996; von Liitzow et al., 2006; Cotrufo et

al. 2013, Liang et al., 2017). For example, Huo et al. (2017), found that rhizospheric PE was significantly
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greater in finely grained soil. Surprisingly, the effect of soil particle size fraction on PE has seldom been
investigated (but see Ohm et al. 2007; Perveen et al., 2019), nor the interactions with soil type and
plant species. Perveen et al. (2019) tested the effect of 35 different soils coming from all over the world
and from different land uses. They found no effect of landuse on PE, but a significant effect of soil type,
with positive priming effect increasing in any soil with increasing Cand N content (Perveen et al., 2019).
However, the incubation experiment was carried on in a heavily artificial environment, without the
presence of living plants and with the addition of a nutrient solution to all the soils . The addition of an
N rich solution excluded the possibility of competition between plants and microbes for N and the
possible reduction of positive PE from this competition (‘competition hypothesis’ from Cheng and

Kuzyakov, 2005; Perveen et al., 2019).

In a framework of soil C sequestration, both soils that differ in initial old C quantity in different soil C
pools, and species of contrasted root growing strategies, have been shown to have significant effects
on the sequestration of C in soil and relative size of C pools (De Deyn et al., 2008; Prieto et al. 2016;
Poirier et al. 2018;. Henneron et al. 2019 ; Perveen et al., 2019). We argue that, to better understand
the effects of revegetation on C-cycle and storage, even the influence of soil and species on priming
effect needs to be examined, considering the changes of old C in different C pools related to soil

particle size fractions.

To quantify the PE, knowing the fate of old C in soil is essential and usually performed using a stable
isotopic labelling approach (Kuzyakov, 2006). Monitoring respired CO, reflecting the source of the
consumed substrate and the remaining old C changes in soil are two major means to assess the PE.
When plants are growing in an atmosphere constantly enriched with *C atmosphere, the input of plant
derived C has a higher abundance of 3C. Consequently, the abundance of 3C in respired CO, (A¥C, %)
depends on the mineralized C source: a higher A*C if the main respiration source is the consumed
plant new C input, and a lower A3C if the source is the preexistent old C in soil (e.g. Fontaine et al.

2004, 2007; de Graaf et al. 2010). Another effective way to study priming effect is assessing the losses
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of preexistent old C in soil with and without vegetation. When analyzing the C in bulk soil, the *3C signal
also allows the differentiation between preexistent old C, and fresh new C derived from plant input.
Comparing losses of old C in a vegetated soil allows for the quantification of the priming effect and

whether it is positive or negative PE.

On newly constructed road embankments, subsoil is increasingly used to replace topsoil that is
stripped off during the construction process. Compared to topsoil, subsoil contains less C, but the old
C present is more stable than in topsoil for several reasons. C in subsoil is associated with the finest
soil particles and stabilized via organomineral interactions (i.e., SILT and SILT+CLAY) (Eusterhues et al.,
2005; Chabbi et al., 2009). Subsoil has less microbial biomass (Taylor et al. 2002; Andersen and
Domsche 1989; Ekklund et al. 2001), and activity due to oxygen limitation (Rumple and Kégel-Knabner,
2010), and reduced plant inputs (Fontaine et al. 2007) increasing C residence time. Finally, physical
separation of microbes and C decrease the possibility for C mineralization (Von Litzow et al. 2006;
Holden and Fierer 2005). Subsoil excavation, mixing and revegetation alter all of these protection
mechanisms. How the revegetation influences PE and the fate of old C in subsoil, especially in the
SILT+CLAY pool remains unclear. To the best of our knowledge, no studies on the priming effect of

subsoil brought to the surface have been performed.

We aim at comparing the priming processes in two soils with same origin but contrasting
characteristics (topsoil with typical fertility, high microbial biomass and nitrogen (N) content versus
subsoil with low fertility, microbial biomass and N content). The soils were vegetated with two
herbaceous species: the di-nitrogen (N) fixing species Medicago sativa L., and the non N,-fixing grass
Lolium perenne L.. Soil respiration, changes in new C, old C and the priming effect for total C and that
in each C pool were quantified. We hypothesize that (i) topsoil will have higher losses of old C due to
greater root biomass and microbial biomass and activity; however, (ii) subsoil will have a greater
positive priming effect because it is very highly disturbed compared to the initial conditions, and (iii)

the C priming effect will differ among soil fractions due to different protection potential.
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4.2.METHODOLOGY

4.2.1. Experimental setup
Soil used for growing plants was excavated from Pisciotta (Italy, 40°07'N 15°14'E/40.116667°N) at two

depths of the same soil profile: topsoil (0-30cm depth) and subsoil (110-140cm depth). The soil is a
clay loam soil (USDA) with a slightly different granulometry between topsoil and subsoil (topsoil: 27.3%
clay, 31.1% silt, 41.6% sand; subsoil: 34.8% clay, 36.8% silt, 28.4% sand). The pH in topsoil was 7.0 and

in subsoil was 8.4.

Air dried soil was crushed and sieved to 5mm to homogenize it. We mixed and divided the soil in four
sections (quartiles) and 36 different pots were prepared collecting one scoop of soil from each section
until the desired weight in each pot has been reached (Fig. S1). We added 6.9 kg of soil into each pot.
During the preparation, three soil samples were removed and put aside for chemical analyses. These
samples represent the initial soil, or time zero (t0). Inside each pot, a 60 mm deep plastic ring with a
diameter of 80 mm was fitted that could be closed with an airtight dome for subsequent

measurements of soil respiration (Fig. S2).

N,-fixing Medicago sativa L. and non Nx-fixing Lolium perenne L. were sowed as monocultures with
exactly the same pattern. In each pot, three seeds were put at six equidistant spots. After germination,
one seedling was removed with scissors at ground level, at each spot. For each soil type (i.e. top- and
subsoil) and species, six replicate containers were prepared and six bare containers per soil type were

used as controls (n = 36 in total)

Containers were placed into three identical microcosms at the Ecotron growth facility at Montpellier,

France (http://www.ecotron.cnrs.fr/) (Fig. S3). In each microcosm, two replicates of all treatments,

i.e., 12 pots, were placed randomly to avoid any effect of microcosm on plant growth and soil
processes. Plants were grown at a constant air temperature of 21°C and at 80% humidity (to reduce

the soil water loss by evapotranspiration). Artificial light was provided by three lamps (Gavita PRO 300
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LEP 02, Netherlands) in each microcosm with a 12h day/night cycle, shifted to allow air sampling at the
same moment of the plant’s circadian rhythm (data not shown in this study, Fig. S4). A shade was
placed on the lamps and the distance of the lamps from the plants was adjusted to achieve the most
possible homogenous light intensity on the foliage (300 pmol ms™). Soil moisture was kept at 45 +
10% of the soil water holding capacity for the entire duration of the experiment. A system of plastic
pipes was installed in the chamber to allow irrigation without having to open the chamber and disturb
the 13C concentration (Fig.S5). Pots were irrigated every 2-3 days, according to their evaporation rate.
However, with the growth of plants, the increase in biomass and in transpiration had to be considered
to calculate the amount of water needed to keep the soil at the desired moisture content. For this
reason, every 2 weeks, pots (in correspondence with the air sampling) were removed from the
chamber, weighted and randomized inside the chambers. Knowing the amount of water added in the
previous 2 weeks, the initial soil moisture content, and the final soil moisture content, we were able
to calculate the increase in evapotranspiration every 2 weeks and adjust the amount of water needed

(data not shown).

After the germination of seedlings, the atmosphere was enriched with 13C, reaching a concentration of
2% (approximately two times higher than the natural **C abundance of 1.1%, in other words 63C of
CO; in the chamber was roughly +760, as compared to the ambient -8). The air enrichment with 3C
was infused during the photoperiod and the 3C infusion stopped during the night period. The
experiment was carried out for 183 days, starting the 29 September 2017 and ending the 31 March

2018.

4.2.2. Air sampling
Air sampling rings were built with two openings in their belowground section to allow root growth in

their perimeter, and a double ring structure (one inside the other) that could be filled with water.

Inserting the plastic dome inside the double ring structure filled with water ensures an airtight sealing,
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allowing soil respiration to accumulate inside the chamber (the plastic ring cover had an area of 8.5cm
and a height of 6¢m, for a volume of 340 cm?) (Fig. S6). Every two weeks, we assessed the percentage

of 13C in the respired CO,.

To conduct the air sampling, *3C enrichment was stopped 24h before the sampling procedure to allow

the 3C accumulated in soil to leak out of macropores and cracks that could pollute the results.

The day of the sampling, each chamber was open and the air sampling of the time 0 (t0) was performed

as soon as the photoperiod stopped. The protocol for the air sampling consisted of:

1. Pour water in the ring (Fig. S7a)

2. Close the ring with the plastic dome (Fig. S7b)

3. |Insert the syringe in the rubber cap of the plastic dome and collect 5ml of air to set the reference
time 0 (t0) (Fig. S7c)

4. Immediately transfer the collected 5ml sample from the syringe to an Exitainer under vacuum to
store gas (Fig. S7d)

5. After 2 hours of incubation, without moving the dome, insert the syringe in the rubber cap of the
dome, collect 5ml of gas enriched with the soil respiration, and transfer it in the exitainer following
steps 3 and 4. This sample will represent the Time 1 (t1) air sample, as the amount of CO; in the
chamber atmosphere after a 2h incubation period.

6. Samples analyzed with an elemental analyzer Isoprimel00 coupled with an Elementar Varo

Isotope Cube

Results from the isotope analyzer provided the CO, concentration in ppmV at time 0 (CO2) and time

2 hours (COz1). The abundance of 3C in respired CO, was gave in §*3C, according to the equation:

513C — Rsample -1 [1]

RyppB
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Where Rsmple is the carbon isotope ratio of the sample (**C/*3C) and Rypps the ratio of the international
standard reference Vienna Pee Dee Belemnite (Rypps = 0.0111802, Werner and Brand, 2001). The §3C

was adjusted according to the CO, concentration of the analyzed samples as §*3Cqs:

_ (COt1% 8"3Ct1)—(CO2t0* 83 Cro)
(CO2t1—CO2¢0)

§13Csr (2]

Where 8%3Cy is the isotopic composition of CO, at after 2 hours of soil respiration and 8*3Cy the isotopic

composition at time 0.

To calculate the fractional abundance of 13C in the respired CO, (A'3C), first the carbon isotope ratio

was derived from [1] as follows:

Rsampie = (1 + 813CSR/103) * Ryppp (3]

Finally, to calculate the isotope abundance A3C (%):

ABC = Rygmpie/(1 + Rsampie) (4]

To calculate the percentage of CO, derived from fresh plant input mineralization (fPlant) first the soil

derived CO; concentration (COyc) in umol have been calculated as:

PXxVc
COZC — ACOZP X W [5]

Where ACOzpis the CO; concentration in (ppmV) is the difference of CO, concentration in the sampling
chamber (in ppmV) at time 0 and after 2h of incubation time; P the atmospheric pressure in Pa; Vc the

volume of the chamber in m3; R the ideal gas constant 8.314 J K'}; and T the temperature in K.
After the amount we calculated the quantity C(Cq in pg)in the respired CO; as:
Co = (COzc12 % (1 — A13C)) X (CO,¢ x 13 X A130) [6]

Where 12 and 13 are the atomic weight of *2C and *3C. The *C amount (**Cq in pg) in the respired CO,

have been determined as:
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3¢, =CuxEPC [7]

Where the E®C is the excess of 3C (in %) compared to the bare soil control at the beginning of the
experiment t0 (E3C = A3C at time x - A3C of bare soil control at time 0, equal to 1.076 in topsoil and

1.082 in subsoil). After the plant derived C (pC in ug) was calculated as:

By
p E'3catm

(8]

Where E**Catm is the excess of **C in the chamber atmosphere (average of +0.8%). Finally, to calculate

the percentage of Cin CO; deriving from plants C input (fpiant, in %):

_ pC
fplant - @ [9]

The design of the ring did not allow to calculate in a reliable way the amount of respired C due to
several technical issues. The clay soil, being kept at 45% of soil water content, formed a superficial
crust that did not allowed the soil respiration to freely flow in the plastic dome used for sampling,
reducing the respiration rate. Moreover, the presence of cracks that act as preferential pathways for
gas dispersion made the diffusion of respiration unreliable. However, the percentage of 13C in air was
reliable independently from the amount of respired CO2, and allowed the calculation of the

percentage of new and old C in the respired CO2.

4.2.3. Soil and biomass sampling
The volume of soil in each pot (20 x 20 x 10 cm?) was divided in two halves vertically with a saw. One

half was air dried and used for the soil analysis and microbial measurements, and the other half was
used for the measurement of plant traits. Plants were cut at the root collar to divide aboveground and
belowground biomass. The resulting mixed sample of soil and roots were placed on a 2 mm sieve and
carefully washed to disperse the soil, and the plant individuals were divided (if possible). Above- and
belowground biomass was collected, oven dried at 60°C, and weighed to determine dry weight. ).

Following McCormack et al. (2015), we visually separated and sampled transporting (long, thick, high-
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order roots (>3) and absorptive roots (short, thin, low-order roots 1 — 3),, finely ground and analyzed

with an Elementar Varo Isotope Cube to determine their C and & *3C signal.

The soil half used for soil sampling was subsequently divided into shallow soil (0-3.5 cm) and deep soil
(3.5-10 cm). Deep soil was air dried, crushed, mixed, and divided into four sections. One 5 ml scoop
from every section was collected to form a composite subsample, then sieved at 2 mm. Three
subsamples were collected for each replicate pot, and analyzed with an elemental analyzer
Isoprime100 coupled with an Elementar Varo Isotope Cube, to determine C content, nitrogen (N)
content and 6 13C signal. Samples collected at time 0 and at the end of the experiment (after 183 days,

t6) were analyzed. The difference between t0 and t6 gave the changes in C after 6 months (AC).

Simultaneously, 40g of soil from the same deep layer of the pot of the bulk soil samples were collected
and fractioned after Gavinelli et al. (1995) (See Chapter lll: Method S1, Figure S1). The resulting five
fractions (POM: >200um, finePOM: 200-50um, SILT: 50-20 um, SILT+CLAY: <20um) were analyzed for
C and 6%3C with an elemental analyzer Isoprime100 coupled with an Elementar Varo Isotope Cube. The
sum of Cin different fractions represents the total C in the fraction sample (SUM). A subsample of 0.1
g was taken from each 40 g sample and analyzed without fractioning to determine the total C in the
bulk sample. The difference between total C in bulk soil and the sum of C in the different soil fractions

was used to assess the correctness of the fractionation and was equal to 93.3%.

The increased 83C signature of the atmosphere in the microcosm chamber, allowed the calculation of
the proportion of C stored in soil directly derived from the input of M. sativa and L. perenne (new C),
to differentiate it from the carbon already present in the soil at the beginning of the experiment (old

C). To calculate the proportion, an isotope mixing model (after Balesdent and Mariotti 1996) was used:

5(t1)—8(t0)

%Cnew = 553(20)

(10]

Where %Cnew is the percentage of new carbon in the measured SOC of a specific fraction, §(t1) is the

813C signature of the SOC measured in a specific fraction at the end of the experiment (t1), §(t0) is the
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513C signature of the SOC of a specific soil fraction before the experiment (t0), 8B is the §'3C signature
of the new Cinput in the system, in our case, the signature of the root biomass (i.e., the mean signature
of absorptive and transport roots). The choice of root biomass as the §'3C reference for C input was
made since root material was considered the main source of fresh C, given that litter was removed
every two weeks from the pots. Multiplying the total soil C by %Cnew provides the amount of new C

in mgC g soil.

Since the changes in carbon in the system (AC in mgC g™ soil) are composed of the two fluxes: input of
new C (ACnew) and changes in oldC, the changes of preexistent carbon in soil (ACoip ) were calculated

as:

ACprp = AC - ACygw [11]

The effect of vegetation regarding the losses of old C (priming, PE in in mgC g soil) was calculated as:

PE = ACOLDV_ ACOLDBS [12]

Where ACoipV is the change in old C in the vegetated soil fraction (in mgC g* soil), while ACopBS is the
mean of old C changes in the bare soil controls (in mgC g soil). If priming has positive values (positive
PE) — it means that vegetation increases old C mineralization, with the value corresponding to an
increased loss of old C in vegetated soil compared to bare soil. Likewise, if priming has negative values
(negative PE), it means that vegetation decreases old C mineralization and losses, with the value

corresponding to a decrease in old C loss in vegetated soil compared to bare soil.

4.2.4. Statistical analysis
The normal distribution of residues was verified using a Shapiro-Wilk test (op = 0.05). If data were

normally distributed, a one way analysis of variance (ANOVA) was performed to test the effects of soil
type (topsoil versus subsoil) and plant species (M. sativa, L. perenne, bare soil) on C priming and A3C
in respired CO,.
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If data were not normal a Kruskal — Wallis test was used. Linear regressions AC, new C, old C and
priming with AC in respired CO, were analyzed and R? and p values calculated. All the statistical
analyses were performed using the open-source statistical environment ‘R’, version 3.4.3 (R
Development Core Team, 2017) using the packages vegan and Hmisc. (Oksanen et al. 2019, Harrel

2007).
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4.3.RESULTS

4.3.1. Soil characteristics and changes in carbon content
A positive increase in Cin bulk soil after six months was found in topsoil planted with M. sativa only

(AC, Table 1). However, on subsoil, a net loss of total AC over 6 months was found. In bare soil and soil
planted with L. perenne, losses of total AC were higher in topsoil than subsoil, with the greatest loss in
bare topsoil (Tables 1, 2). In bulk soil, new C was significantly greater in topsoil than in subsoil (Tables
1, 2) and regardless of soil type, new C input was always greater in soils planted with M. sativa

compared to L. perenne (Table 2).

Based on bulk soil data, the losses of old C in topsoil are the highest in bare soil compared to L. perenne
and M. sativa, which are not statistically different (Table 1, Table 2). In subsoil, old C losses were
significantly lower than in topsoil, with the most losses in soil planted with M. sativa, compared to bare

soil and L. perenne (Table 1).

The losses of old C in SUM of fractions were lower in topsoil and not significantly different among
fractions or between species and bare soil (Table 1). In subsoil, SUM was comparable in soils planted
with L. perenne and M. sativa, however the losses in bare soil are lower in the SUM compared to bulk

soil data.

After 6 months we observed that vegetation significantly influenced N content in both subsoil and
topsoil when sowed with M. sativa, compared to bare soil. Soil N content at t6 for L. perenne did not

show any significant change compared to that at tO (Fig. S8).

4.3.2. Priming effect
In bulk soil that had vegetation present, PE was negative in topsoil and there was no significant effect

of species (Fig. 2a). In bulk soil subsoil planted with M. sativa, PE was positive and old C loss was
significantly greater than bare soil, but in subsoil planted with L. perenne, old C loss was not

significantly different from bare soil and there was no PE (Fig. 2b). In topsoil SUM, PE was negative but
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was not significant different between plant species, although it had a lower intensity compared to bulk
soil (Fig. 2a). In subsoil, the PE in SUM was positive, although there were no diferences among species
(Fig. 2b). In topsoil fractions, PE was negative except in SILT+CLAY, and no sigificant differences
occurred in fractions between L. perenne and M. sativa, except in fine POM (Fig. 2a). In subsoil, priming
was positive in each fraction, with the highest effect in SILT and SILT+CLAY fractions, and the only

difference between L. perenne and M. sativa occurred in the POM fraction (Fig. 2b).

4.3.3. Evolution of 3C abundance in respired CO; (A3C) over 6 months
There was a significant effect of both soil type (Kruskal-Wallis, p < 0.001) and vegetation treatment

(Kruskal-Wallis, p < 0.001) on the abundance of 3C in respired CO, (A3C). In topsoil, the abundance of
13Cin the respired CO, increased over 6 months, with the highest A3C from L. perenne (2.02%) and M.
sativa on 20/02/18 (1.99%), while in bare soil, A*C was greatest on 09/02/18 (1.96%). In tospoil there
was a significant effect of treatment (Kruskal-Wallis, p < 0.001) (Fig. 3a,b,c). Over six months, in topsoil
planted with M. sativa, the abundance of 3C in COincreased from 1.55+0.05 % to 1.73+0.03 % (with
an increment of +11.2%). In the same period, the abundance of *C in CO, from L. perenne incraesed
from 1.51+0.07 %to 1.7+0.02 % (with an increment of +13%), and bare soil increased from 1.43+0.13

% to 1.61+0.07 % (+13%).

In subsoil, the highest peak of A*C was found under M. sativa the 20/02/18 (1.49+0.07%), followed by
bare soil on 06/03/18 (1.41+0.07%) and L. perenne on 23/01/18 (1.37+0.04) (Fig. 3d,e,f). The effect of
treatment was significant (Kruskal-Wallis, p < 0.001), with the highest A3C under M. sativa. No
sigificant differences between bare soil and that planted with L. perenne were found. In subsoil, A*C
of soil respiration under M. sativa increased from 1.31+0.01% to 1.41+0.05% (with an increment of
+9%) and bare soil from 1.26+0.01% to 1.32+0.03% (with an increment of +5%), while L. perenne
decreased from 1.32+0.04% to 1.31+0.02% (with an decrement of -0.2%), however the decrease was

not significant (Fig. 3e).
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4.3.4. Evolution of ratio of CO2 derived from fresh plant new C input (feiant)
There is a significant increase of respired CO, derived from fresh plant inputs (friant) in the vegetated

treatments over the 6 month period. Topsoil had a +152% increase of fpiant, and subsoil had a +84%
increase. When observing the trend over time, topsoil had a greater increase than subsoil in fpiant (Fig.

4; p<0.001)

4.3.5. Correlations between OIdC loss, NewC input, priming and A3C
In bulk soil, both new C and old changes in soil and the A*C were positively and significantly correlated

with the AC of respired CO, (all data grouped together). Data points from different species were
clearly seggregated, with more changes in new C and old C and A3C in respired CO, for M. sativa (Fig.
5a,b). In the respired CO,, AC was negatively correlated with priming effect (Fig. 5c; Kruskal - Wallis,

p <0.01).
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4.4.DISCUSSION

We observed a strong influence of soil type on old C stability and soil priming for both total C and that
in the SILT+CLAY pool, which masked the effect of plant species. Revegetating topsoil results in a
negative priming effect, with a lower mineralization of old C compared to the bare soil control.
However, in subsoil, the priming effect depends on the species, with no priming effect under L.
perenne, and a positive priming effect under M. sativa, that increased old C losses compared to the
bare soil control. We will tackle these effects separately for the sake of clarity, but they are nonetheless
closely linked and the C-cycle depends on a feedback mechanism between soil, plants and microbial

communities.

4.4.1. Subsoil and topsoil revegetation: identifying the substrate preference of
microbial communities
The priming effect was highly negative in topsoil, but was marginally positive in subsoil. On topsoil a

high input of fresh new C allowed microbiological communities to change the substrate preference for
energy and nutrients requirements from old C in soil to fresh new C inputted by plants. This
phenomenon seems to support the Preferential Substrate Utilization hypothesis (Cheng, 1996; Cheng
and Kuzyakov, 2005). However, negative PE is ususally for a short period of time; and after positive PE
starts (Cheng, 1996; Kuzyakov and Cheng, 2001, 2004; Wang et al., 2016). It is therefore crucial to have
long term experiment with living plants to assess the PE over a longer period of time. Subsoil had less
N than topsoil, resulting in reduced plant development (Chapter Ill, this thesis), and a consequent
lower input of labile C into soil from rhizodeposition. As subsoil is subjected to long-term limitation of
nutrients, microbial functioning is decreased, thus promoting the development of oligotrophic
communities with high metabolic diversity (Blagodatskaya and Kuzyakov, 2008). This set of conditions
makes subsoil a perfect candidate for positive priming effect. Specific dormant microbial groups can
be activated by the input of low available substrates, such as oxalic acid, that have a high impact on
community shift, and synthetize a broad variety of enzymes that promote old C decomposition and a
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positive priming (Falchini et al., 2003; Landi et al., 2006; Blagodatskaya and Kuzyakov, 2008). Finally,
fungi have been shown to play an important role in C degradation and priming (Panikov 1995; Bell et
al. 2003; Blagodatskaya and Kuzyakov, 2008). The input of fresh C might activate spore or cysts
dormant in subsoil, which can penetrate previously inaccessible micro zones with hyphae development
(Blagodatskaya and Kuzyakov, 2008). The low amount of labile C input, together with the low N
availability, will not be enough to shift the increased microbial metabolism towards labile C input in a
significant way, and microbial communities will increase old C mineralization to acquire energy and
nutrients (De Graaf et al., 2010). In topsoil, instead, the higher biomass development and the
consequent high input of labile fresh C from plants will enhance fungal: bacterial gene copy ratios
(Griffiths et al., 1998; Broeckling et al., 2008; Chiginevaa et al., 2009). Our data showed higher microbial
abundance and diversity, as well as a higher level of activity (Chapter lll, this thesis), corresponding
well to such a phenomenon. The higher inputs of labile C in the system may, nevertheless, shift the
microbial preferential consumption from preexistent old C to fresh C input (as shown in Fig. 5), and
result in a negative priming effect. This phenomenon is well supported by the A3C and percentage of

plant derived C in respired CO,, that was always higher in topsoil compared to subsoil.

Experiments investigating substrate preference or competition mechanisms effect on PE have usually
been performed in controlled incubation conditions (e.g., Fontaine et al., 2007; De Graaf et al., 2010).
Our study is novel in that plants were grown in different types of non-sterilised soil. Also, we
demonstrate that the SILT and SILT+CLAY C pools played a pivotal role in determining the amount and
trajectory of PE. Particularly in subsoil, where PE was positive in SILT and SILT+CLAY C pools, thus
qguestioning the point of view that these C pools are highly stable (Chapters Il and I, this
thesis).However, SILT+CLAY C pools is very reactive to input of new C (Chapter llI, this thesis) and
Fontaine et al. (2007) showed how input of fresh C in subsoil ca increase the mineralization of stable C
and lead to positive PE. Our results suggest that SILT+CLAY pool is stable when conditions are not

abruptly changed: in topsoil positive PE is present only in POM. An abrupt change of conditions,
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however, can bring to instability of C associated with fine soil fractions and the resulting PE, as

observed in subsoil SILT and SILT+CLAY.

4.4.2. The impact of plants on the two soil types: competition for nitrogen
The effect of vegetation on PE was largely influenced by soil type. We did not observe any significant

difference in PE between topsoil planted with M. sativa or L. perenne. Plant species had more influence
on PE in subsoil, despite the disparity between the results from bulk soil and from fractionation. L.
perenne better mitigated the undesired positive PE than M. sativa, especially in bulk soil, where no PE
occurred in subsoil sown with L. perenne. This result on of plant species effect on PE in subsoil, however
limited, is in line with the competition hypothesis (Cheng and Kuzyakov, 2005). When plants are grown
on an N poor soil, mineralization of old SOC from microbial communities can be reduced due to more
efficient N removal by plant roots, that hinders microbial activity, resulting in a negative priming effect
(Cheng & Kuzyakov, 2005). This phenomenon can explain the effect of L. perenne on positive PE
mitigation in subsoil. Increased rhizodeposition will increase old C consumption and can result in a
positive PE. This mechanism is exactly what we observe when planting soil with M. sativa which has a
higher biomass development than L. perenne on subsoil (Chapter lll, this thesis), and therefore lowers
rhizodeposition (Fu and Cheng, 2002; Cheng et al., 2003; Dijkstra et al., 2006). Moreover, M. sativa is
associated with Rhizobium bacteria that allow fixation of N, directly from the atmosphere, and rely
less on N mining for growth. In this case, the ‘competition effect’ is avoided because M. sativa can
acquire N from a different source. To test this hypothesis, we analyzed the difference in N content in
soil between time 0 and time 6 months under the three different treatments and two soils (Fig. S8).
We observed that bare soil and L. perenne do not significantly differ from t0 and between each other.
However, M. sativa increased the amount of soil N, strengthening our hypothesis that competition for
N was decreased. Also, substrates from fresh plants’ new C input become available, and it increases

microbial activity but do not permit a substrate preference switch, resulting in higher mineralization
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of old C and a positive priming effect (De Graaf et al., 2010). These results are supported in several
studies, where N-rich rhizodeposition is believed to be linked with higher PE (Fu and Cheng, 2002;
Cheng et al., 2003; Cheng and Kuzyakov, 2005). In topsoil, such a phenomenon was not observed. We
speculate that higher fertility levels and rhizodeposition level (Chapter Ill, this thesis) mask the
competitive effect between roots and microorganisms, providing enough nutrients via plants fresh C
deposition to the microorganisms to allow them not to have to rely on mining soil C and compete with

plants (Cheng and Kuzyakov, 2005; De Graaf et al., 2010).

Such a framework considering both soil and vegetation features incorporate the two hypotheses: the
Substrate Preferential Utilization hypothesis and the Competition hypothesis (Fig.6), sopprting the
reconciliation reconciliation between the two proposed by Cheng and Kuzyakov (2005): in fertile soils,
the substrate preference will drive the PE, while in poor soil competition will shape the trajectory and

magnitude of PE.

4.4.3. The priming effect and its implication in practice
From an applied point of view, when revegetating soil in geotechnical constructions, especially subsoil,

it is necessary to consider soil fertility, as it will affect i) biomass development, ii) nutrient competition
in soil and fresh substrate availability and, consequently, iii) the priming effect. In nutrient poor
subsoils, the use of non Na-fixing species (e.g. L. perenne) will result in a low priming effect. A possible
solution to avoid the priming effect when revegetating subsoil (or nutrient poor soils in general) could
be to couple inoculation of microbial strains that consume labile C with N fertilization, to increase
fertility and nutrient availability, and try to switch the microbial consumption from preexistent oldC to

new C.
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4.5.CONCLUSIONS

We examined the priming effect in a crossed experimental design with two soil types and two plant
species. We highlighted the complex interactions between the two sources of factors and
demonstrated the importance of soil quality (in terms of N content and microbiological activity and
biomass) in determining the trajectory and magnitude of PE over that of plant species. When soil
quality is high, such as topsoil, positive PE can be mitigated and negative PE can occur thanks to high
fresh new C input. However, in N-poor subsoils, old soil C, especially the stable old C in the SILT+CLAY
pool, can be susceptible to the PE, depending on the competition between plants and soil
microorganisms. Therefore, plant species could play a non-negligible role in influencing the tendency

and magnitude of PE.

Our results suggest that topsoil, with higher rhizodepositions, allows microbial communities to switch
from consuming old C to new C mineralization, resulting in a negative priming effect. In subsoil,
microbes will mine old C for nutrients due to low new C input. Competition for N is fundamental to
shape the priming effect, and in poor subsoil, L. perenne had no priming effect due to N competition
between plants and microbes. Therefore, when a soil is severely limited in nutrients the competition
effect will be predominant; while when conditions are not so limiting the substrate preference will
dominate. These findings are in line with the reconciliation of hypothesis from Cheng and Kuzyakov
(2005). The AC and its correlations with old C losses and priming helps to understand the processes
in different soils, but alone this is not enough to investigate the effects of priming. Old C losses of

vegetated and bare soil control need to be taken into account.
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FIGURES AND TABLES

Table 1: AC is the difference of C content in bulk soil between time 0 and time 6 months in mgC g™ soil. New C is
the input of C in bulk soil deriving from the vegetation growth during the 6 months of the experiment in mgC g™ soil.
Old C is the losses of old C in bulk soil. The last column shows the losses of old C in the sum of fractions data. AC
new C, and old C have been calculated for each treatment (M.sativa, L. perenne and bare soil) and each soil
(topsoil: 0-30cm depth, subsoil: 110-140cm depth). Different letters next to the average value indicate statistically
significant differences (p < 0.05) between species or families according to Tukey HSD tests.

Data set: Bulk soil data SUM of fractions
. AC New C Old C Old C

Soil Treatment a1 . . .

(mgC g soil) (mgC g-1 soil) (mgC g-1 soil) (mgC g-1 soil)
Topsoil bare soil (c) -1.60+0.20 (c) 0.10+0.05 (b) -1.70+0.15| (a) -0.36%0.44
L. perenne (b) -0.48t0.33 (b) 0.68+0.09 (a) -1.16+0.27| (a) -0.3610.40
M. sativa (a) 0.01:0.41 (a) 1.22#0.16 (a) -1.21+0.29| (a) -0.26+0.02
Subsoil bare soil (b) -0.50+0.07 (c) 0.04+0.03 (ab)-0.54+0.08| (a) -0.24+0.35
L. perenne (a) -0.26+0.08 (b) 0.22+0.03  (b) -0.49+0.06| (ab) -0.59+0.07
M. sativa (a) -0.17+0.18 (a) 0.45+0.11 (a) -0.61+0.1| (b) -0.67+0.23

Old C losses

(b) Negative
priming effect

Soil without vegetation

Soil + vegetation Soil + vegetation

Figure 1: Graphic explanation of positive priming effect (a) and negative priming effect (b).
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Figure 2: Comparison of priming effect after 6 months of revegetation between different soils ((a) topsoil and (b)
subsoil) for each vegetated treatment (L. perenne light yellow, M. sativa orange). The data presented shows the
priming in the different soail fractions (1.POM, 2.finePOM, 3.silt, 4.silt+clay) the sum of the soil fractions (5.SUM)
and the bulk soil data (6.Bulk soil). Negative values means a reduced loss of old C, positive values an increased
loss of old C. In each boxplot, the lower edge of the box corresponds to the 25! percentile data point, while the
top edge of the box corresponds to the 75" percentile data point. The line within the box represents the median.
Different letters above the boxplots indicate statistically significant differences (p < 0.05) among species
according to a ANOVA test
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Figure 4: Percentage of C derived from mineralization of plant inputs in soil respired CO2 (fpiant) Over 4 months in the
two vegetated soils. Triangles represent topsoil and dots subsoil. Green represent M. sativa and red L. perenne,
different saturations have been given to better differentiate the points. The red solid line represent the increase
according to a linear model of the friant in topsoil over the 4 months, the blue solid line in subsoil. The slopes of the
linear models are significantly different, p < 0.001.
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Figure 6: Reconciliation of Preferential Substrate Utilization hypothesis and competition hypothesis. a) shows the effect
of soil, where the higher input in the fertile soil allow microbial communities to switch preference of substrate and
decrease old C mineralization, while in subsoil, with low fertility and low input of fresh new C, competition drive the
priming effect that is generally higher than topsoil. b) shows the species effect in the two soil conditions. In subsoil low
rhizodeposition from L. perenne stimulate and competition for N hinder old C mineralization and result in a slightly
negative priming effect. In topsoil, the N rich rhizodeposition from M. sativa increase the soil N content and decrease
competition, allowing microbial communities to mine more efficiently old C and resulting in positive priming effect. In
topsoil, contrary to what expected, we did not find any difference between L. perenne and M. Sativa in priming effect,
suggesting a lower influence of rhizodeposition when the system is rich and efficiently colonized by roots.
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Figure S1 : Pot preparation. Starting from left to right : Quartile of soil prior to filling the pots, weighting of the pots while
filling and examples of two pots filled with the two different types of soil The soil has been added collecting one scoop
of soil from each quartile and keep moving to the next quartile, in the same order, until the desired weight was reached.
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¥

Figure S2 : From left to right: example of the ring used for soil respiration analysis, ring with the plastic dome in place
and ring inside the soil, the red crosses mark the spots were the seeds were planted

Figure S3 : Pots positioned in the growing chamber at a fix distance from lights in the Ecotron facilities
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Figure S5 : plastic tubes used for irrigation, fix on the single pot on the left and positioned in the chamber on the right
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20 cm
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S

Cross section

Figure S6 : Scheme of the plastic dome used for soil respiration analysis

177




527

528 Figure S7 : Air sampling protocol : a) fill ring with water, b) place the plastic cap on top, c) take a 5ml air samples using
529 a syringe on the rubber cap and d) transfer the air taken in the airtight exitainers

Treatment E bare soil E L.perenne - M.sativa

0.3
0.2

014 a

T

Changes in soil N in 6 months (mgN g™' soil)

[ Reg

0.0

530 Sublsw\ Toplsow\

531 Figure S8: Comparison of N content in soil between the beginning of the experiment (t0) and the end (t6) in the two
532 soils (subsoil and topsoil) and the three treatments (M.satva, L.perenne, and bare soil). No significant differences have
533 been found between bare soil and L.perenne, which show no changes from the initial C content. M.sativa, instead, is
534 significantly different compared to the other treatments, showing an increase of soil N. In each boxplot, the lower edge
535 of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile
536 data point. The line within the box represents the median. Different letters above the boxplots indicate statistically
537 significant differences (p < 0.05) among species and control according to a Tukey HSD test.
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5.1.Carbon quality matters: coarse particle pool versus fine particle pool

Assessment of C stock of an ecosystem usually considers total soil carbon, not the C in individual fractions.
As a result, soil Cis presented as a simple number at the plot, catchment, regional or national scale, e.g.,
the 4P1000 goal, that considers only total C (Minasny et al., 2017). Yet, the soil C pool is a chemically and
physically complex system in which C compounds associated with different soil particle fraction sizes may
greatly differ in stability and mean residence time. As a result, increasing attention has been paid to the
understanding and characterization of soil organic C quality, here defined as the relative amount of fast-
turnover particulate organic matter C fractions (Cpom, Crinerom) and stable clay and silt associated C fractions
(Csit, Csirsciay) (Balesdent et al., 1998; Cotrufo et al., 2013; Cardinael et al., 2015). A soil with good C
quality should be targeted in C sequestration practices, aiming to have a high proportion of stable Cin the

SILT+CLAY pool.

In both experiments of my thesis, soil particle size fraction related C pools were characterized to assess C
quality besides C quantity, and proved to be fundamental in the understanding of the plant-soil system.
In Chapter Il and lll, there was no species effect on the total amount of C stored in soil. However, the
quality of C, i.e. its accumulation in different soil fractions, was influenced by the root traits of the different
plant species analyzed (Ch. II/IIl) as well as the chosen soil type (Ch. Ill), and their effects on microbiological
communities. In Chapter IV, appling the concept of ‘priming effect’ on fraction associated C pools enabled
us to highlight that the positive priming in subsoil was mainly due to an increased mineralization of Cin
the SILT+CLAY pool, while topsoil showed a homogeneous negative priming among pools, allowing us to
better disentagle the priming mechanisms in different soil types. All of these findings not only highlight
the great importance of looking at C sequestration at the fraction scale, but also challenge the supposed

high stability of the SILT+CLAY pool.

5.2.Carbon origin matters: new carbon versus old carbon

The labelling approach to distinguish new C input in soil has been widely applied and is a relatively new

frontier in plant-soil studies examining soil C storage (i.e. Dijkstra and Cheng, 2007; Paush et al. 2013;
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Haddix et al., 2016). In my thesis, the stable labelling approach during 183 days of plants growth allowed
to disentangle plant-soil processes connected with soil C storage, and was an efficient way to study soil C
storage. We observed how changes in soil C were mainly attributable to the input of new C. Also, in
Chapter Il we observed a positive synergy with new C input and old C losses, with higher new C input
connected with lower old C losses. This result was in accordance with results from De Graaf et al. (2010),

and supported the preference substrate utilization theory (Cheng and Kuzyakov, 2005).

Considering new C gains and old C changes in different soil fractions allowed us to further unveil
mechanisms of soil C storage that would have been hidden without this double approach of isotope
labelling and soil fractionation. In Chapter lll there was a high response of POM and SILT+CLAY pools to
the input of fresh new C from plants, highlighting the double pathway of new C accumulation in soil, from
turnover in POM and exudation or microbial mineralization and deposition in the SILT+CLAY pool (Cotrufo
et al., 2013). Moreover, the fractionation allowed us to underline how old C is active in tospoil, being
mineralized and accumulating from the coarser fraction (especially POM in tospoil) to the fine SILT+CLAY
pool. These changes in old C among pools would have been hidden by analysis of total C in bulk soil, and

old C would have been wrongfully considered inactive.

New C and old C in fractions were only studied in Chapters Illl and IV, but the lesson learnt from these
chapters could make us rethink results in Chapter Il, in which new C and old C were not distinguished. If
not considering old/new C, in both Chapter Il and Ill, we observed that there was no significant effect of
species in C storage in different fractions (AC; Chapter Ill, Fig. 2, 3). However, considering the new C and
old C changes in different fractions, we were able to identify the effect of species on the input of new C
(Chapter lll, Fig. 4), that in AC was masked from the changes of old C and its accumulation in the SILT+CLAY
pool. Not only distinguishing between old and new C dynamics helped us to understand the effect of
species and the different behaviour of soil pools, but even to shed light on the relationships between

factors involved in C-cycling and C storage in different pools. Comparing the correlations in Chapter Il
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Table 3 between microbial/soil and root characteristics and new C, old C and AC, underlined how new C

accumulation was better predicted compared to AC (see also Henneron et al. 2019).

We, therefore underline the power of coupling the study of C sources with soil fractionation and related
C pools, which helped us greatly to analyse the mechanisms behind soil C storage, as explained in the next

sections.

5.3.Microbial community matters: priming and entombing

The microbial community is the factor shaping all the processes involved in C cycling. Our main goal was
to investigate the influence of species and soil selection on soil C storage in topsoils and exposed subsoils.
However, our findings highlight that the role of these two factors always indirectly pass through microbial

community biomass and activity via two mechanisms:

i) the priming effect (Chapter V) was the response of microbial communities to revegetation, shaping the
losses of C in the system. The productivity of the system (based on soil fertility and plant species
performance) will determine the substrate preference of microbial communities and the direction and
magnitude of the priming effect (Cheng and Kuzyakov, 2005: De Graaf et al. 2010), as shown in Chapter
IV. Moreover, when soil N was low, we found an effect of competition for nitrogen influencing the priming
direction and intensity (Cheng and Kuzyakov, 2005). These results support the reconciliation of the
Preferential Substrate Utilization Hypothesis with the Competition Hypothesis (Cheng and Kuzyakov

2005), and underline the pivotal role of microbial communities in the priming effect.

ii) the quality of C stored due to microbial transformations. The common view that microbial communities
reduce C sequestration due to increased soil respiration is becoming increasingly redundant. In chapter I
and Il we found strong links of microbial activity and biomass with C sequestration in the fine SILT and

SILT+CLAY fractions. In this regard, two main theoretical framework have been developed in the last years:
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e Microbial Efficiency-Matrix Stabilization (MEMS) from Cotrufo et al. (2013). The main hypothesis
behind this framework states that labile C from plant inputs is the main source for microbial
exudates and exopolysaccharides, which are the precursors of stable SOM in aggregates and
organomineral compounds.

e Soil microbial carbon pump (MCP) from Liang et al. (2017). Microbial communities are the main
factors shaping the sequestration of C by 1) degrading via ex-vivo modifications the soil C,
consuming labile POM and leaving high recalcitrant and persistent SOM in soil, 2) increasing via
in-vivo turnover through their metabolism the stability of stored C, as microbial necromass and

metabolites, i.e., the ‘entombing effect’.

Microbial necromass was not measured in this thesis. However, in Chapter IV, | provide evidence of the
entombing effect. The increase of soil C is mainly due to accumulation of new C in POM and in SILT+CLAY
and mineralization of old C in the SILT+CLAY pool. These C increases were correlated with microbial
activity and biomass. As predicted by the MEMS model, the quality of input influences the destination of
C: with microbial activity enhanced by labile inputs, while recalcitrant input was stabilized via ex-vivo
transformations. The transformed labile C by microorganisms as exopolysaccharides was then stabilized
in the SILT and SILT +CLAY pools — via in vivo turnover that promoted ‘matrix stabilization’ via
organomineral interactions, as part of the ‘entombing effect’. We, therefore, argue that the MEMS and
MPC theories are complementary (Fig. 1), and the use of fractionation enables us to further expand their

understanding by quantifying the effects of the different pathways of stabilization (Fig. 2).

This thesis highlights the necessity to jointly consider priming and entombing effects as the two faces of
the same ‘microbial coin’. The balance between these two processes will affect the final C sequestration
efficiency, as stated by Liang et al. (2017). We observed, however, how a higher microbial activity have a
positive effect on both i) C entombing via necromass and exopolysaccharides deposition and ii) reducing
the priming in fertile soil with high microbial biomass, suggesting an overall positive effect of microbial
communities on C sequestration.
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5.4.Root traits matter: Ny fixing species (Fabaceae) vsnon N fixing species
(Poaceae)

Plants are widely recognized as the main factor influencing C input in soil via litter fall, root mortality and
exudation (Six et al., 2002; Derrien et al., 2016; Sokol et al., 2019). This thesis focused partly on the
comparison between N,-fixing species (Fabaceae) with non N-fixing species (Poaceae) commonly used
for revegetating embankments in the South of France. Coupling isotopes labelling with fractionation
techniques, we demonstrate the beneficial effect of N,-fixing species and the specific root traits that
species possessed in this study (low C:N, high hemicellulose and low lignin content, high root elongation
rate, low absorptive root diameter, low SRL,a nd high biomass) on total C sequestration and its
accumulation in stable C pools. The once common view that stable C storage is driven by selective
preservation of recalcitrant compounds is once again challenged by these results. We found root biomass
to be a better predictor of new C gain in every soil pool, more than any other root trait. The reason might
be that morpho-physio-phenological (as SRL and C:N, and diameter) can be compensated by the effect of
biomass, as performance traits (Violle et al., 2007). In soil planted with Poaceae species, C storage in the
POM C pool was greater possibly due tissue recalcitrance inhibiting microbiological activity,
microbiological biomass and overall mineralization. However, this effect was masked in N,-fixing species
with their higher root biomass and related C input. It is necessary to underline that N-fixing species are
associated with Rhizobium bacteria. This association increases the N content in the root biomass,
decreasing the C:N ratio and their recalcitrance. In addition, the symbiosis with Rhizobium bacteria
increases microbial activity and the deposition of microbiological exopolysaccharides (Garcia et al., 2001).
These effects overall increase the new C input in the system, especially in the SILT and SILT+CLAY (Cotrufo
et al., 2013). For this reason, is important to consider that the root traits related to high labile C input in
this thesis are characterized by an intrinsic high microbiological activity due to symbiosis of N, fixing
species with Rhizobium. When studying Leguminous species and C sequestration, he effect of the

symbiosis and the root raits connected with high labile input are therefore synergic in incresing new labile
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C input, and difficult to disentagle. In general, root biomass and chemical traits (C:N ratio, and
lignin/cellulose/hemicellulose ratio) were a better predictor for C storage compared to architectural
traits. Recent studies have highlighted correlations between root economic spectrum (RES) and C storage
(De Deyn et al. 2008; Roumet et al. 216; Prieto et al. 2016; Poirier et al. 2018; Henneron et al 2019). The
main characterization of RES - as coordinate variation of root respiration rate, decomposability, and
morphological and chemical traits related to C economy (Roumet et al., 2016) - is given by the distinction
between fast growing, acquisitive species (e.g. Fabaceae) and slow growing, conservative species (e.g.
Poaceae) (Chapter I, this thesis). Therefore, our findings are consistent with the bulk of literature that
find N-fixing Fabaceae in the spectrum of acquisitive species characterized by high input of labile Cin the
soil, and Na-fixing species Poaceae representing conservative species with low input of recalcitrant old C
(Prieto et al., 2016; Henneron et al., 2019). These results support the correlations between RES and soil C
sequestration potential, mediated by root growth strategies and different C economies (Roumet et al.
2016; Poirier et al. 2018; Henneron et al 2019). However, when studying RES correlations with C storage

is important to differentiate between N, fixing and non N, fixing species.

5.5.Soil matters: a major factor in carbon-cycle regulation, but due to indirect
effects

Soil fractions and the related C pools have shown to be fundamental and understand the C-cycle in soil.
The results of this thesis show that soil type has the highest impact on both C storage and priming effect.
Reduced root biomass in subsoil due to low fertility decreases the input of new C in every soil C pool and
the transfer of C in the SIL+CLAY pool via microbial metabolic transformations (Cotrufo et al., 2013; Vidal
et al., 2018). It also has a negative effect on priming, since labile C input are not high enough to allow

substrate preferential switch of microbial communities (Cheng and Kuzyakov, 2005; De Graaf et al. 2010).

However, when observing the direct effect of soil characteristics on the soil C storage, it is surprising to

observe that C saturation has no effect on the increase of protected C in the SILT+CLAY fraction. In our
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experiment, subsoil had a higher clay percentage and lower initial C content compared to topsoil,
decreasing soil C saturation that should positively influence C storage in the SILT+CLAY C pool (Six et al.,
2002; Eyles et al., 2015; Shahbaz et al., 2017). Under these premises, we expected a higher rate and
amount, or at least relative amount, of C stored in fine SILT+CALY pool. However, topsoil had a higher
increase in the SILT+CLAY C pool compared to subsoil in absolute terms, while in relative terms they were
comparable. The reasons behind this behavior is attributable to plant biomass and microbial communities
in different soils. A lower fertility of subsoil decreases the input of C via plant biomass. The decreased
microbial activity and abundance decreased the input of processed C in the SILT+CLAY C pool. Without C
input in the SILT+CLAY C pool, increased potential for organomineral interactions did not influence the
amount of stored C. With this diagnosis, we could not claim that clay content and C saturation had no
effect on potential C storage. However, we can affirm that they were less important to C input by plants

and C metabolic transformation by microbial community in respect to soil C storage.

Soil N content had a high impact on soil C-cycle, increasing fertility and biomass production and,
consequently, new C input. Regarding the priming effect in soil, we confirm that in a poor soil the
competition for N reduced the consumption of C from microorganisms and had a positive effect on soil C
storage (Cheng and Kuzyakov, 2005). We confirmed that N rich soils positively influenced soil C storage

(Dou et al. 2016, Guo et al., 2019).

Aggregate stability had a significant effect on C storage due to a double feedback mechanism: new Cinput
in the system participated in creating more stable aggregates that, in turn, protected the encompassed C
(Tisdall and Oades 1982; Caesar-Tonthat 2002; Nichols and Wright 2005). The decrease of old C
mineralization in SILT+CLAY C pools were the direct result of the higher physical protection of C in stable
aggregates (Chevallier et al., 2004). Soil structure, and especially aggregates, seems to be the main direct

soil effect that influences C stability, and more studies need to be developed on the subject.
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5.6.Ecological engineering toward a carbon sequestration goal

| suggest that we do not only consider soil C storage potential from a point of view of mineralogy or clay
content (Hassink 1992, Hassink al. 1997) or C saturation (Six et al. 2002), but we should pay more attention
to soil health. More specifically, we need to assess its fertility levels, such as N content, aggregate stability
and microbial community development (biomass and/or activity). Microbial diversity could also be an
important indicator. These indicators are connected with higher input of C in soil via increased biomass
production, transfer to the protected SILT+CLAY pool and negative priming due to the switch of substrate

utilization. An overview of the effect of soil and plants on C sequestration can be found in Figure 2.

The use of fertile topsoil increases carbon accumulation when compared with poor subsoil and it is
therefore desirable for revegetation of geotechnical soils. When revegetating fertile topsoil, fast growing
N, fixing species with high input of labile C are more efficient to store C in the protected SILT+CLAY pool
via higher root input and microbial turnover. Revegetating topsoil also induces a negative priming effect,

increasing preexistent C stability.

However, the use of topsoil is not always possible. Some particular conditions, eg in quarries and minor

road embankments, might require revegetation of subsoil. In this case, | advise to:

1) Fertilize soil to increase biomass production and C storage in soil. Fertilization is recognized to
increase soil C storage in both unprotected and protected C pools (Dou et al. 2016, Guo et al.,
2019). However, to my knowledge, no studies exist on the effect of fertilization on subsoil brought
to the surface. Moreover, the C impact of different fertilizer production and transport needs to
be compared with the benefits for C storage, or the final result might be detrimental for global C
storage.

2) Inoculate with microbial communities: we argue that inoculation of bacteria and mycorrhiza
(especially Rhizobium associated with Leguminous species to increase nodulation, and arbuscular
mycorrhiza fungi) would increase the C input in the SILT+CLAY C pool. Li et al. (2016) found a

decrease in C loss due to an increase of soil microbial biomass. However they did not consider the
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different fluxes of C (New C and Old C), so it is not possible to assess if the increase of respiration
was detrimental for C balance. Kuimei et al. (2012) observed an increased soil C sequestration
with arbuscular mycorrhiza fungi inoculation in a reclaimed mine soil treated with coal gangue,

fly ash and sludge.

The lower C saturation did not increase protected C storage in subsoil in our experiment, but is still

promising for potential C storage if fertility and microbial requirements are met.

If neither fertilization nor microbial inoculation are possible, we suggest avoiding the use of N fixing
species, since the increase in microbial biomass connected with those species will result in a higher

mineralization of old SOC.

Figure 3 shows a simple flowchart that provides suggestions for revegetating geotechnical soils and
optimize C sequestration. However, it is to be noted that this flowchart is based on results that present a
major shortcoming: the short timeframe of experiments. Long-term experiments are now much needed,

to explore how the results from this thesis are influenced over time.

5.7.What research remains to be performed?

Countless opportunities for research are possible in the C storage domain. However, this work on C
storage in revegetated geotechnical soil sparked some specific questions that | feel should to be tackled

to have a more comprehensive view of the system, from both a mechanistic and an applied point of view.

e |t would be vital to extend these studies on fractions and C sources on long term experiments.
How subsoil evolves and ‘become topsoil’ is a fundamental aspect to be considered in studies of
plant development, microbiological characteristics and soil aggregation etc. However, the cost
and experimental setup makes it difficult to implement long-term constant isotope labeling
experiment. A solution would be to use C; plants grown on soil planted only with C4 plants (or

vice-versa) as they have different isotopic signatures (Hobbie and Werner, 2004; Kuzyakov 2006).
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While in topsoil, research on aggregate protection and formation are numerous, they have not
reached a complete consensus on the processes involved. In subsoil, instead, the role of
aggregates in C protection and their formation processes remains still obscure. In Annex |, |
present a preliminary work to investigate in depth the influence of soil structure on C protection
in topsoil and exposed subsoil.

In this thesis, | investigated the influence of microbiological communities on C-cycling and
sequestration based on microbiological activity and biomass. However, refined identification of
microbiological community structure and diversity would help unveiling key processes and factors
in C-cycling. Studying the evolution of microbiological communities on subsoil brought to the
surface would be fundamental to better understand its C sequestration potential, the processes
behind it, and to have an insight into soil evolution.

More studies have to be carried out on inoculation with different strains of fungi and bacteria to
understand the mechanisms and influence of inoculation on C-cycling and its role as a ‘pump’ for
complexed C in the protected silt and silt+clay C pools.

Microbial communities influence most of the major processes involved in soil C storage, directly
or indirectly. More precisely: i) total C input, as microbes area commonly used indicator for soil
fertility and health (Waksman, 1922; Waksman and Starkey, 1924; Mader et al., 2002; Suzuki et
al., 2005; Schloter et al., 2018), ii) quality of the stored C, determining if the C will accumulate in
the unprotected C pool (when microbial abundance and activity is low) or if it will be metabolized
and transferred in the protected C pool (when microbial abundance and activity is high) (De Deyn
et al, 2008; Cotrufo et al., 2013; Liang et al. 2017), iii) total respired C (increased with increasing
microbial activity) and priming effect (decreased when microbial activity is inhibited due to
competition or a switch of substrate preference from old C to new C) (Cheng and Kuzyakov., 2005;
De Graaf et al., 2010), and iv) increased aggregate formation and stability (Tisdall and Oades 1982;

Caesar-Tonthat 2002; Nichols and Wright 2005). Relying on clay abundance or C saturation levels
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to determine the quantity of protected C might be inaccurate, since they are not an indicator for
soil health, and since microbial communities will determine the C input in the silt+clay C pool. For
these reasons we state that, given the correlations between microbial activity and many of the
key processes involved in C storage, further research should be carried out regarding the use of

microbial characteristics as an indicator for potential soil C storage.
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Figure 2: Conceptual framework illustrating complementarity between MEMS and MCP models, enriched by including the soil C pools. Primary plant’s carbon inputs quality
influence the final stabilization of stored C (MEMS, Cotrufo et al. 2013). The microbial carbon pump determine the entombing of C in the soil system, via ex-vivo modifications
(green arrows) and in-vivo transformation (brown arrows) (MCP, Liang et al. 2017). Finally, the quality of C input will determine the C distribution in different soil C pools associated
to soil fractions, through the microbial carbon pump. Labile C input will favor in-vivo turnover, increasing C in the silt and silt+clay fractions, protected in microaggregates and via
organomineral interactions with fine silt and clay minerals. Recalcitrant C decrease in vivo turnover, and C accumulate mainly in unprotected POM and finePOM fractions via ex-
vivo modifications.
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Figure 3: Scheme illustrating the changes in the C storage mechanisms along two man axes: x — Soil fertility and y — C input quality. Top right has the higher C storage potential,

with high fertility soil revegetated with N2-fixing species, that have high labile C input, positively influencing POM and, most importantly, fine silt+clay fraction accumulation through
high microbial activity. Top left corner shows the potential soil C storage of fertile soil revegetated with non Nz-fixing species. The lower input of recalcitrant C decrease microbial
biomass and activity, and increase POM and finePOM accumulation via decreased mineralization. In fertile topsoil priming effect is high and negative. Bottom right corner shows

the effect of revegetating poor subsoil with N2-fixing species: decreased C input due to fertility decreases the accumulation in the POM fraction, and decreased microbial
biomass/activity its complexation in the protected silt+clay fraction. Priming effect is lower in intensity but positive; increasing the loss of preexistent SOC. Bottom left corner shows 195
the effects of revegetation of poor subsoil with non N2-fixing species. Decreased input and microbial activity decrease the C accumulation in every soil fraction, however priming
effect almost absent due to pant-microbes competition for nitrogen.



Chart flow for geotechnical soils revegetation to optimize soil C storage

1- SOIL ASSESMENT

High N availability
High microbial
biomass/activity

Low N availability
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2- TREATMENT
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3- REVEGETATION
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Low microbial
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Low microbial

Cover with fertile

EFFECTS ON
SOIL C STORAGE
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increased biomass
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organomineral interactions
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N feml_lzatlon | due to recalcitrant input
— Inoculation with
Rhizobium Revegetation with Lower old C mineralization
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Figure 4: flowchart for soil revegetation to increase C sequestration in geotechnical embankments. First step is soil assessment in regard to N content and microbial
biomass and activity. The second step shows the treatments to implement if N content is low (fertilization) or microbial communities are underdeveloped (inoculation).
The fourth step shows the suitable species for revegetation given the soil conditions. The last ox the effects on C sequestration given the soil, the treatments and the
plant species selected. Green arrow shows the suggested pathway to take, red arrow the alternative unadvised pathway if the first is not possible. This flowchart,
however, is based on a short term experiment. Long term experiment should be implemented to improve it.
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Annex I: Perspectives: the influence of vegetation on soil
microstructure and its implications on soil carbon
sequestration: a geotechnical approach
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INTRODUCTION

A particular interest in sustainability has been voiced in both environmental and geotechnical disciplines,
given the global climate change challenge that requires immediate action in multiple sectors. However, the
research on sustainability remains largely confined in the peculiarity of each discipline, which has its specific
assumptions and methodology characterizing the sustainability. We argue that a higher multidisciplinary
approach is needed to hybridize research and find transdisciplinary methodologies and points of view on
sustainability in every discipline. In this part of the research, we aim to bridge C storage research from a
plant/soil science point with geotechnical engineering research. Soil microstructure have proven to be a good
common ground between the two fields, since it is largely studied both with regards to C sequestration and

in the geotechnical engineering field for characterization of the soil structural properties.

Soil structure has been proven to be central with regards to C sequestration, especially regarding the role of
aggregates. Aggregates forms through binding of soil particles by fine roots and fungal hyphae (Tisdall and
Oades 1982). Glycoproteins, polysaccharides, and mucilage, from plants cement their structure and influence
their stability (Tisdall and Oades 1982; Caesar-Tonthat 2002; Nichols and Wright 2005). Aggregates occlude
Cin their structure, physically impairing the accessibility of microbes (O’Brien & Jastrow, 2013). The efficiency
of aggregates C protection will depend on their stability and the amount of C stored inside their structure.
Aggregates is a dynamics process, and the higher is their stability the higher hey will resist to disaggregation
(Eyles et al., 2015). In soil sciences most of studies refers to three main classes: microaggreagets (0.02-
0.2mm), macroaggregates (0.2-3mm) and clots (3-5mm). Aggregation in soil will deeply influence the void
ratio, a common indicator used in geotechnical research to define soil structural characteristics. Aggregates
structure gives a double porosity behavior to soil, with micropores characteristic of intra-aggregates
structure, and macropores formed by the interaction between different aggregates (Koliji et al., 2008). In
geotechnical studies, a common method used to investigate soil porosity and deriving void ratio is mercury
intrusion porosimetry (MIP). MIP allow characterizing the cumulative and relative abundance of voids of

different pore classes (Russo et al., 2016). The aggregation process and characteristics are expected to be
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correlated with void ratio in different pore classes. Soil porosity and connectivity also influence the possibility
of microbes to be in contact with substrates and their consumption (McCarthy et al., 2008; Lugato et al.,
2009). Vegetation can influence soil porosity in different classes due to i) root channels, ii) hyphae
development, iii) wet and dry cycles, iv) cementation and clogging of micropores due to rhizodeposition and
v) aggregation and disaggregation processes favored by plants influence (McCarthy et al., 2008; Lugato et al.,
2009). Extensive studies have been implemented on aggregate formation and C protection. However, most
of the studies see aggregates as ‘building blocks of soil’ (Malamoud et al., 2009) and overlook the more
complicated structure deriving by their interactions. Moreover, studies on aggregate formation and C
protection have seldom been implemented on subsoil, where the aggregate formation processes are still
debated. Soil microstructure has great potential to shape C sequestration in soil, and we aim to assess
evolution of aggregate characteristics due to revegetation in topsoil and subsoil brought to the surface.
Moreover, we aim to assess pore ratio in soil and the influence of vegetation using MIP, and correlate it to
aggregate characteristics, to better understand how aggregates shape soil structure. The use of MIP together
with aggregate stability and C analysis will allow comparing methods characteristics of different disciplines

and exploring possible exchanges and overlapping between these fields.

OBJECTIVES AND HYPOTHESIS

Our first objective is to investigate the influence of vegetation on microstructure using the MIP methodology.
For this, we assessed bulk void ratio at time 0 and after 6 months of two soils showing contrasting
characteristics (topsoil 0-30 cm depth and subsoil 110-140 cm depth) vegetated with M. sativa and L.
perenne, plus bare soil controls. Comparing void ratio in bare soil control after 6 months of experiment (time
6) with the initial soil (time 0) will allow us to assess the effect of wet and dry cycles on microstructure (since
soil was kept at 45% of water holding capacity with irrigation to compensate evaporation) and compare it

with the effect of revegetation. Void ratio will be cumulated in different classes relative to different
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aggregates and processes as a proxy for: microaggregates porosity, macroaggregates porosity deriving from

microaggregates interaction and clots porosity deriving from macroaggregates interactions.

Our second objective is to characterize aggregates and their characteristics for bare soil control and
vegetated treatment with M. sativa and L. perenne. For this, we measured aggregate stability, quantity of C
protected inside of aggregates, quantity of fresh new C inputted in different aggregates classes in 6 months,

thanks to the constant CO, enrichment with *3C.

Our final objective is to investigate the relationship between aggregate stability and void ratio in different
pore classes, ii) between C protected in different aggregate classes and void ratio in different pore classes

and iii) if new C input in different aggregate size influence macro- and microporosity.

We hypothesize that plants will increase macroaggregates and clots porosity due to channeling of roots and
aggregates formation. However, vegetation might clots micropores due to rhizodeposition (McCarthy et al.,
2008). In this case, aggregate stability will increase with increased void in macroaggregates and clots (due to
aggregate formation and inter-aggregate porosity) while it will be negatively correlated with porosity in
microaggregates, due to bioclogging from microbial activity that cement and increase aggregate stability

(lvanov and Chu, 2008). However, wet and dry cycle will probably drive the formation of soil structure.

Another hypothesis is that the protection of C will increase when decreasing the porosity (and void ratio) in
macro and microaggregates, since the microbes will not have access to the occluded C. Finally, we expect
that new C input is positively correlated with porosity in macroaggregates and clots (due to the role that
fresh C input plays in aggregate formation, and root channeling connected with new C deposition) but
negatively correlated with porosity in microaggregates, due to the clogging from rhizodeposition and
microbiological exudation and exopolysaccharides. The analysis will be conducted using pearson’s
correlations between C protection and new C input in microaggregates, macroaggregates and clots, and the

void ratio (as proxy for porosity) in three different pore classes.
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STATE OF THE WORK

Analyses on aggregate stability, C protection in aggregates and new C input in different aggregates classes
have been performed. A first MIP analysis campaign has been carried out to design the work. A second
campaign to acquire MIP replicates is in progress and expected to finish by the end of October 2019. After,
correlations with aggregate properties will be investigated to study the relations between vegetation, soil
structure in terms of aggregation and porosity, and C protection. Methodology and preliminary results are

presented in the following sections.
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METHODOLOGY

Mercury intrusion porosimetry (MIP) curves and cumulative porosity for different pore classes

MIP test allow to characterize the porosity of the sample in an entrance pore diameter that ranges between

0.001 to 300um. Abundance of pores of different diameters define the microstructure of the soil. Once

grouped in different pore size classes, we believe to find correlations between pores and aggregate

characteristics in soil.

Methodology:

1. 1-2 g of sample are dehydrated according to the freeze-drying method (Delage et al. 1984).

2. MIP test is performed in a double chamber Micromeritics Autopore |l apparatus.

3. Place the sample in the filling low-pressure apparatus (dilatometer).

4. The samples is outgassed and under vacuum, and after filled by mercury. The chamber is at ambient
absolute pressure.

5. Pressure is then rise up to 200 kPa using of compressed air

6. Chamber is depressurized and the samples were transferred to the high-pressure unit,

7. The pressure is then raised to 205 MPa following a previously set intrusion program. At any intrusion
step a time sufficient to observe a quasi-static penetration of mercury was allowed.

8. A blank test is performed to corrections the results and prevent errors deriving from the
compressibility of the intrusion system.

9. Finally, SEM analyses were performed on dehydrated samples in order to highlight their fabric.

Output: Intruded void ratio and pore size density function for different pore classes rangion from 0.001 to

300 um

Aggregate stability
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Aggregates provide physical protection to carbon. However, the degree of protection of carbon depends on

their stability. The more stable are the aggregates, the more resilient will be to changes in environmental

condition, decreasing their disaggregation and ensuring stable physical protection to the carbon occluded.

Mean weight dimeter is a standard indicator for aggregate stability, as the mean diameter of aggregates that,

starting from a 5-3mm diameter, have undergone a disaggregation process via wet and drying. The higher

the MWD, the lower the disaggregation.

Methodology according to le Bissonais et al. (2006):

1.

10.

11.

12.

13.

20 g of soil collected and air dried

The sample is sieved first at 5mm and after at 3mm, to isolate the 3-5mm fraction

Aggregates are put in the oven for 24h so they are at the same matrix potential

5g of 3-5mm fraction are weighted and gently immerse in a 250 cm3 beaker filled with 50 cm3 of
ethanol for 10 minutes

Ethanol is sucked off with a pipette

Sample transferred in a 250cm3 Erlenmayer flask containing 50cm? of deionized water and brought
to 200cm?

Flask is agitated 20 times and left 30 minutes for sedimentation of coarse particles

Water sucked off with a pipette

Mixture of soil and water transferred to a 50um sieve previously immersed in ethanol

Sieve gently moved 5 times to separate <50 um from those >50 um, use of ethanol for the wet sieving
to reduce additional breakdown

>50 um fraction is collected from the 50-umsieve, oven-dried and gently dry-sieved by hand on a
column of six sieves: 2000, 1000, 500, 200, 100 and 50 um

Mass percentage of the different fraction is calculated, and for subtraction even the <50um fraction
MWD is calculated as the sum of the mass fraction of soil remaining on each sieve after sieving

multiplied by the mean aperture of the adjacent mesh
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Output: MWD for different soils and treatments

Protected carbon: aggregate mineralization

Aggregates provide physical protection to carbon. However, not all the carbon is automatically protected
inside the aggregates. The protection will depend on the porosity of the aggregates and the amount of
microbial biomass enclosed in the aggregates itself. This will ultimately influence the capacity of microbes to
get in contact with the C substrate and mineralize it. We aim to assess the degree of C protection in different
aggregates sizes of the two different soils (topsoil vs subsoil) and three different treatments (M. sativa, L.
perenne, bare soil). The soil nature will influence pore size, microorganisms’ abundance and aggregate
stability. First, to assess the unprotected C in aggregates we measure the amount of CO; released when
incubating undisturbed aggregates of different classes. After, to assess the amount of total C (unprotected
and protected) we finely grind aggregates the aggregates (to remove their physical protection on carbon)
and assess the CO2 respired during incubation. The different between these two values (CO; deriving from
protected C and CO, deriving from total C) will allow us to assess the amount of soil derived CO, that is
protected in different aggregates classes (3-5 mm, 0.2-3 mm, 0.02-0.2 mm) for different soils (topsoil and

subsoil) and species (M.sativa, L.perenne and bare soil) (Figure Al).

Intact €02 at time 0 CO2 at time 0 Crushed
aggregates @ @ aggregates
CO2 at time 7 days. CO2 at time 7 days

% Consumed
. g .= Consumed free carbon @ e s )ﬁ\
[ ]
4
" z » @ Protected carbon in ‘
—
— aggregates
Figure

A1: : scheme of the michrocatarometer methodology

Methodology:

204



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

1. Manually crush the soil and push it through a 5000 um sieve (aggregates 3000-5000 um fraction)

2. Sieve at 3mm and 0.2mm (aggregates < 200 um fraction and 3 mm to 200 um).

3. Collect the different fractions and separate them in half

4. Crush half one half of each fraction to obtain two subsamples: uncrushed aggregates and crushed
aggregates (20g of aggregates for each sample)

5. Bring them to 75% of water holding capacity

6. Samples placed in 125 ml jars with parafilm allowing the interchange of gases (but not water) and
incubated at 28 °C for 7 days.

7. Each sample was adjusted for soil moisture and, just after, the bottles were air tightly closed and
measurements of respiration made. After 6 hours of incubation (without any gas interchange)
measurements were made.

8. The differences of CO, between these two measurements gave the amount of respired CO; in 6h
per treatment, soil and aggregate class.

Output: amount of respired CO, for crushed and uncrushed aggregates. The difference between these
measurements represent the aggregates protected carbon in potential respiration. These results were

available for 3-5mm, 0.2-3mm and 0.02-0.2mm aggregate classes.

Plant derived fresh carbon (new C) stored inside aggregate structures

It is well known how aggregates provides protection for C, however the aggregate formation processes are
still debated. Especially in subsoil were little is known about aggregate structures and formation. C deriving
from plants, often processed by microbes, is recognized as one of the main actors in aggregate formation.
The input of C as plants’ exudates and microbiological exudates and exopolysaccharides cement the mineral
structure of the aggregate that will provide protection from microbial mineralization. We aim to investigate
the pathways of C input in different aggregate classes to acquire information on aggregate formation and C

protection in the two different soils.
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Methodology:

1. A subsample from the aggregate abundance samples was taken, representative of the following
aggregate classes:

1) aggregates 2000-5000 pm (2-5 mm)

2) aggregates 200-3000 um (0.2-3 mm)

3) micro-aggregates 20-200 pm (<0.2mm)

2. The subsample is finely ground with an agate mortar and stored

3. The sample were analyzed to asses SOC and 3C with an elemental analyzer Isoprime100 coupled
with an Elementar Varo Isotope Cube at INRA Nancy.

4. To calculate the proportion of NewC in aggregates, an isotope mixing model according to the work

of Balesdent and Mariotti (1996) was used:

§(t1)-58(t0)
SB—8(t0)

(1]

%Cnew =

Where %Cnew is the percentage of new carbon in the measured SOC of a specific aggregate fraction,
6(t1) is the 63C signature of the SOC measured in a specific aggregate fraction at the end of the
experiment (t1), §(t0) is the 8'3C signature of the SOC before the experiment (t0), 6B is the 8'3C
signature of the new C input in the system, in our case the signature of the root biomass (as the
average of adsorptive and transport roots signature).

5. Multiply the total SOC for the %Cnew provides the amount of NewC in mgC g™ soil.

Output: Amount of total SOC and NewC in the different classes (3-5 mm, 0.2-3 mm, 0.02-0.2 mm) for different

soils (topsoil and subsoil) and species (M.sativa, L.perenne and bare soil).
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199  PRELIMINARY RESULTS AND MAIN DISCUSSION POINTS

200  Mercury intrusion porosimetry (MIP) curves and cumulative porosity for different pore classes

201 Bare soil condition: Effect of wet and dry cycles
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203 Figure A2: Evolution of microstructural voids in 6 months of wet and dry cycles, with no vegetation sowed. Figure (a) shows the pore size density function of topsoil at time 0 (blue
204

boxes) and time 6 (red boxes) without vegetation. (b) shows the total intruded void ratio for different diameter classes in topsoil. (c) shows the pore size density function of subsoil at
205 time 0 (blue boxes) and time 6 (orange boxes) without vegetation (d) the total intruded void ratio for different diameter classes in subsoil.
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Wet and dry cycles have a high effect on soil structures: soil structure pass from a mono-modal curve structure to a bi-modal curve structure in both soils.
Void ratio highly increase in the micropores (<0.1 um) and macropores (>10 um) classes due to wet and dry cycles. Mesopores (0.1-10 um) decrease during
the 6 months experiment.

The wet and dry cycles proved to influence both aggregates formation and stabilization processes (Shiel et al. 1988; Denef et al. 2001). We hypothesize
that, after the soil preparation (that included crushing and sieving) the soil lost its primary microstructure. Wet and dry cycles increase aggregate formation

and, consequently, the microporosity deriving from intra-aggregates structure and the macroporosity deriving from inter-aggregates interactions.
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Vegetated treatment compared to bare soil after 6 months of growth
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Figure A3: Evolution of microstructural voids in 6 months of soil vegetated with M.sativa and L.perenne compared to bare soil control. Figure (a) shows the pore size density function
of topsoil in bare soil control (red boxes), M.sativa (black boxes), and L.perenne (green box) after 6 months of growth. (b) shows the total intruded void ratio for different diameter
classes in topsoil. (c) shows the pore size density function of subsoil in bare soil control (orange boxes), M.sativa (grey boxes), and L.perenne (dark green boxes) after 6 months of
growth. (d)shows the total intruded void ratio for different diameter classes in subsoil.

e M. sativa show an increase in total porosity in both subsoil and topsoil, while L.perenne decrease the total porosity (Figure A3b,d).
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M.sativa increase the macroporosity in both soils (> 10 um), while L.perenne show a decrease in macroporosity in bare soil (Figure A3a,c).

Both M. sativa and L. perenne decrease the microporosity of the system (<0.1 um) (Figure A3a,c).

The increase in macroporosity due to M.sativa might be correlated with increased aggregate formation and interactions, and root channeling effect. The

decrease of microporosity is imputable to exudates from microbial activity and plants that clog the micropores in aggregates. However, replicates are

needed to verify these hypothesis.
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Aggregate stability: Mean weight diameter (MWD)

Soil “ subsoil B Topsoil
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—— @200 s 090 s

Bare soil Lolium Medicago

Figure A4: Mean weight diameter (MWD) in topsoil (blue boxplot) and subsoil (red boxplot) for the three different treatments (M.sativa, L.perenne and bare soil control) after 6 months
of revegetation. In each boxplot, the lower edge of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile data point.
The line within the box represents the median and black dots indicate outliers. Different letters above the boxplots indicate statistically significant differences (p < 0.05) between families
and controls according to Tukey HSD test.

e Subsoil and topsoil have a significant different MWD after 6 months of revegetation, with a higher aggregate stability in topsoil.
e No significant effect of vegetation in subsoil.
e In topsoil vegetated treatment have a significantly higher stability compared to bare soil control. However, we didn’t observe any effect of different

vegetation.
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Figure A5: amount of CO:2 (respired ppm h' g of soil) protected inside different aggregate classes (5-3 mm clogs in blue, 3-0.2 macroaggregates in green, 0.2-0.02 mm
microaggregates in red) in (a) topsoil and (b) subsoil. The protected C is calculated as the difference between the respired C02 deriving from incubation of undisturbed aggregates (CO2
deriving from unprotected C) and CO2 deriving from incubation of crushed aggregates (CO: deriving from consumption of protected and unprotected C). In each boxplot, the lower edge
of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile data point. The line within the box represents the median and
black dots indicate outliers. The red dotted line is the 0 line, meaning no protection of C in aggregates.

e In topsoil the higher C protection is found in the macroaggregates, with vegetation that increase the amount of protected C underlining the reactivity of
this aggregate class to revegetation. In topsoil clots no effect of vegetation can be found, with increased standard variation in vegetated treatment but no
differences with bare soil.

e Insubsoil we observe a very different trend, with vegetation decreasing the C protection in the 3-0.2mm macroaggregates, while increasing the amount of
protected Cin the 5-3 clots, that did not presented any protection in bare soil control.
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In both topsoil and subsoil, microaggregates do not have any role in C protection, since no changes are observed when crushing them. However, since the

crushing was done by hand in an agate mortar it is not sure that the structures were efficiently disaggregated, leaving a possible bias in the methodology.

Plant derived NewC input in aggregates

16

11

0.6

meCglagegregates

0.1

-0.4

(a) Topsoil  (b) (c)
B Subsaoil

Medicage

Figure A6: newC (mg new C g'' aggregates) deriving from plant input in aggregates for gram of aggregates of different classes for the three analyzed treatment (M.sativa, L.perenne,
and bare soil control) after 6 months in topsoil (light dotted bars) and subsoil (solid black bars). (a) Show the C concentration in the clogs (5-3mm diameter), (b) in the macroaggregates
(3-0.2 mm), and (c) in the microaggregates (0.2-0.02mm). Bars represent the standard deviation.

In clots (Figure 5A,a), vegetated treatment store more new C compared to bare soil, while in subsoil no significant differences seems to occur.

The higher increase in C seem to be in macroaggregates (Figure 5A,b), higher in M.sativa compared to L.perenne and bare soil.

In microaggregates, no effect of vegetation seem to influence the quantity of new C moved (Figure 5A,c).

Bare soil control shows increase in NewC, probably due to mosses colonization that mineralized enriched CO2. The analysis of deeper layer of soil is needed

to avoid the contamination.
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FUTURE WORK

1.

Replication of MIP results to confirm the trends.

MIP results will be separated in different pore classes to have cumulative data for void ratio in
different pore classes relative to different aggregate sizes.

Implement principal component analysis and Pearson’s correlations between i) aggregate stability
MWD, ii) amount of C protected in different aggregates classes in CO, equivalent, iii) new C input in
different aggregate classes, and iv) void ratio in different pore classes representing microaggregates,
macroaggregates and clots, in the two soils and for the different species.

Discussion on the effect of vegetation on soil structure and relationship between aggregate
characteristics and soil structure in terms of void ratio. Use of the data to link the C input in
aggregates with the soil structure formation, and the feedback between the structure and the C
protection.

Results will help to understand the differences in C fluxes in aggregates in topsoil and subsoil brought
to the surface and test the aggregate hierarchy theory of Tisdall and Oades (1982), widely accepted
for topsoil, on subsoil brought to the surface. Preliminary results suggest that subsoil brought to the

surface might not share the same aggregation processes than topsoil.
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OBJECTIFS GENERAUX ET HYPOTHESES

Les objectifs généraux appliqués de la these sont :

i. Comprendre I'effet des caractéristiques des plantes et du sol sur la séquestration du carbone dans

le sol en termes de quantité et de qualité (objectif fondamental)
ii. Identifier les pratiques possibles en matiere de plantes et de sols qui peuvent étre mises en ceuvre
pour augmenter le stockage du carbone dans les remblais des routes et ferroviaires et,

éventuellement, dans les sols gris des travaux géotechniques (objectif appliqué)

Différentes questions spécifiques concernant les mécanismes fondamentaux du cycle C ont été abordés

dans chaque chapitre de la these.

Chapitre 1l : Voie de la persistance : les caractéristiques des racines des plantes modifient
I'accumulation de C dans différents réservoirs de carbone du sol par médiation microbienne

i.  Objectif 1: Comprendre les relations entre les caractéristiques des racines et I'accumulation de C dans
différents bassins de carbone du sol pour 12 especes herbacées différentes couramment utilisées dans

la revégétalisation des talus.

Hypothese 1 : Les caractéristiques liées a I'apport de C labile (taux d'allongement des racines, teneur en
hémicellulose, biomasse racinaire) favorisent I'accumulation de C dans les bassins protégés de limon
grossier et de limon fin + argile par activité microbienne. Les caractéres racinaires liés a la récalcitrance
(teneur élevée en lignine et en cellulose, rapport C:N élevé) favorisent I'accumulation de C dans le mélange

de matiére organique en particules (POM) grossier non protégé.

ii. Objectif 2 : Quel est I'effet de la sélection des espéces sur la séquestration du carbone dans différents

bassins de carbone du sol ?
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Hypothese. 2 : Les espéces fixatrices de diazote (N,) favorisent I'accumulation de C dans les bassins protégés
de limon fin+argile car elles ont des caractéristiques plus liées a I'apport de C labile, tandis que les especes

non fixatrices de N, favorisent I'accumulation de C dans la fraction POM.

Chapitre lll : Les destins du carbone du sol nouveau et ancien difféerent dans le sol superficiel et le sous-
sol nouvellement exposé et s'expliquent par les traits racinaires, des microbes et des particules du sol.

i.  Objectif 1 : Quantifier les flux de nouveau C introduit par les plantes et de vieux C préexistant dans

différents bassins de sol;

Hypothese 1 : les fractions granulométriques du pétrole associées aux fractions de taille des particules du

pétrole peuvent réguler les destins de I'ancien C et du nouveau C dans le processus de séquestration du C

ii. Objectif 2 : Rechercher I'effet synergique de la nouvelle entrée C et des changements de I'ancienne

entrée C dans les différents bassins de carbone.

Hypothése 2 : Le sort du nouveau C et de I'ancien C montrera des modeles indépendants.

iii. Objectif 3 : Etudier si les différents acteurs impliqués dans le stockage du carbone et I'influence que la
plante et le sol ont sur eux peuvent expliquer les schémas des nouveaux flux de carbone et des anciens

flux de carbone dans différents bassins de carbone du sol.

Hypothese 3 : Nous faisons I'hypothése que les traits racinaires liés a la composition chimique et a la
récalcitrance entraineront une nouvelle accumulation de C dans la POM, tandis que les traits liés a un
apport élevé en C entraineront le stockage dans des fractions protégées par consommation et dépdt
microbiologiques. Je m'attends a ce que la stabilité des agrégats soit corrélée positivement avec la nouvelle
accumulation de C total et dans le POM fin et les fractions grossiéres de limon en raison de la protection
physique des agrégats. Nous nous attendons a ce que la teneur en N du sol soit positivement corrélée avec
la nouvelle teneur en C. Nous pensons que la fraction fine dans le sol est corrélée positivement avec le
nouveau stockage du carbone dans la fraction de limon fin + argile en raison des interactions
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organominérales, et que le nouveau stockage du carbone dans le limon fin + argile est plus élevé dans le
sous-sol que dans le sol superficiel en raison des niveaux inférieurs de saturation en carbone du sol. Enfin,
je m'attends a ce que l'activité, la diversité et I'abondance microbiennes soient fortement liées a la quantité
de nouveau C déposé dans les fractions de limon grossier et de limon + argile protégées, et a la
consommation et a la transformation du nouveau C dans les fractions grossieres et fines non protégées du

POM et du POM fin en raison des minéralisations des communautés microbiennes.

Chapitre IV : La qualité du sol détermine le ‘priming effect’ et les espéces végétales I'affinent : le réle
de la préférence du substrat et de la concurrence dans le sol superficiel et le sous-sol

i Objectif 1 : Quantifier les changements dans le C et I'apport de nouveau C dans le sol pour
déterminer les pertes de I'ancien C dans le sol superficiel et le sous-sol remontés a la surface
et revégétalisé et le ‘priming effect’ de la revégétalisation avec des espéces fixant N,

(Medicago sativa) et une espéce non fixant N, (Lolium perenne)

Hypothese 1 : Notre hypothése est que le sol superficiel aura des pertes plus élevées de vieux C en raison
de la biomasse et de I'activité microbienne plus élevées. Cependant, en raison de la plus grande protection
du vieux C dans le sous-sol et des changements des conditions environnementales dus a la revégétalisation,
nous émettons I'hypothese que le sous-sol aura des pertes de vieux C plus élevées que le sol nu, ce qui

signifie un ‘priming effect’ positif plus élevé que le sol de surface.

ii. Objectif 2 : Quantifier le ‘priming effect’ dans différents bassins C liés aux fractions

granulométriques du sol.

Hypothése 2 : Etant donné la protection plus élevée de C dans la fraction plus fine du sol (fractions limon
et limon + argile), nous supposons que le ‘priming effect’ se produira dans les fractions de matiere

organique particulaire non protégée (POM et POM fin).
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iii.  Objectif 3 : Etudier I'évolution dans le temps des sources de C respiré dans le systéme (représentées
par I'abondance du 13C) et ses corrélations avec les nouvelles pertes de C, les nouvelles entrées de C

et le priming effect.

Hypothése 3 : La source de respiration dans le systéme sol-plante se tournera davantage vers les intrants
végétaux marqués au fil du temps, avec le développement des plantes. Les nouveaux apports de C seront
positivement corrélés avec I'abondance du **C dans le CO; respiré (A13C). Cependant, je m'attends a des
comportements différents dans les deux sols en ce qui concerne les pertes de nouveau C. Dans le sol
superficiel , je suggere que I'A13C sera corrélé négativement avec les pertes de nouveau C, en raison d'un
apport élevé de nouveau C dans le systeme et de |'utilisation accrue de nouveau C comme substrat pour la
croissance microbienne (reflétée par un A13C supérieur). Dans le sous-sol, je fais I'hypothése d'une
corrélation positive entre I'A13C et les pertes de nouveau C, puisqu'un faible apport de nouveau C
augmentera l'activité microbienne qui, ne pouvant satisfaire leurs besoins énergétiques principalement a
partir de ces sources labiles, exploitera le nouveau C plus efficacement. De la méme facon, le ‘priming
effect’ sera corrélé négativement a A13C dans le sol arable, tout en étant corrélé positivement dans le sous-

sol.

APPROCHE ET CONCEPTION EXPERIMENTALE

Pour atteindre ces objectifs, deux expériences ont été congues et réalisées dans le cadre de ce projet de

recherche.

Dans la premiére expérience, 12 especes herbacées différentes ont été cultivées en monoculture dans 72
boites de culture (six répétitions par espéce). Sur ces six répétitions, la moitié a été utilisée pour
I'échantillonnage du sol, tandis que l'autre moitié a été cultivée dans des boites munies de fenétres en PVC
utilisées pour observer la croissance des racines. Toutes les deux semaines, chaque fenétre de racines a été

photographiée pour évaluer le taux d'allongement des racines et les caractéristiques des racines. Apres 10
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mois, des carottes de sol ont été prélevées pour évaluer 1) les caractéristiques architecturales des racines,
2) la composition chimique des racines, 3) le carbone du sol dans quatre fractions de sol différentes (POM
<200 pum ; POM fin 50-200 um, limon 20-50 um, limon + argile <20 um), 4) la respiration microbienne induite

(SIR) du substrat comme indicateur d'activité microbiologique.

Dans la deuxiéme expérience, deux des 12 especes présentant des tendances aux extrémités opposées du
spectre économique racinaire (Lolium perenne et Medicago sativa) ont été sélectionnées et cultivées en
monoculture en pots. Les pots ont été cultivés dans des microcosmes avec des conditions
environnementales constantes et du CO, atmosphérique constamment enrichi en *C pendant 183 jours
sur deux types de sol. Les deux types de sol, soit le sol superficiel (0-30 cm) et le sous-sol (110-140 cm), ont
été extraits du méme profil de sol a Pisciotta (SA), en Italie. Les sols étaient argileux et présentaient des
caractéristiques contrastées (teneur en azote, stabilité des agrégats, biomasse et activité microbienne). De
plus, dans le sol superficiel , la teneur en argile était légérement inférieure a celle du sous-sol (-8 %) et la
teneur en C nettement supérieure (sol superficiel 12 mgC g™ sol ; sous-sol 6 mgC g1 sol), ce qui entraihe un
niveau de saturation en C supérieur. Les plantes et les sols ont été croisés et six pots répliqués ont été
semés. Par ailleurs, six pots témoins nus (non semés) ont été mis en place pour chaque sol. Toutes les deux
semaines, la respiration du sol était échantillonnée pour évaluer *C% de CO, respiré et le CO;, dérivé de la
plante, et apres six mois, les pots étaient collectés et le sol échantillonné pour une gamme de différentes

caractéristiques du sol, des racines et des caractéristiques microbiologiques.

PRINCIPAUX RESULTATS

Au chapitre Il, nous n'avons observé aucun effet significatif des especes sur I'accumulation de C dans les
différents gisements de C associés aux fractions du sol. Cependant, lorsque nous avons observé |'effet de
la famille, les espéces de Fabaceae fixatrices de N, ont accumulé plus de C dans la fraction de limon fin
protégée, tandis que les espéces de Poaceae non fixatrices de N, dans la fraction POM. Les caractéristiques
des racines différaient significativement entre les deux familles, les Poaceae ayant des tissus plus
récalcitrants (lignine et cellulose élevées, et rapport C:N élevé), une biomasse racinaire plus faible et un
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taux d'allongement des racines plus faible. Les especes de Fabaceae présentaient des tissus plus labiles
(hémicellulose élevée et faible rapport C:N), une biomasse plus élevée et un taux d'élongation des racines
plus élevé. Les espéces de Fabaceae ont également augmenté I'activité microbienne. Grace a I'analyse en
composantes principales et aux corrélations de Pearson, nous avons montré I'effet d'un apport élevé de C
labile (typique des especes acquisitrices a croissance rapide) entrainant une accumulation plus élevée dans
la fraction de limon protégée. Les especes conservatrices a croissance lente, a l'autre extrémité du spectre
économique racinaire, augmentent I'accumulation de C dans la POM non protégée. Cette différence dans
les stratégies d'accumulation de C a confirmé la corrélation entre le spectre économique racinaire et le
stockage de C dans différents basin de C. Cette différence était due a I'effet de I'espéce sur l'activité
microbienne. Une activité microbienne élevée chez les espéces de Fabaceae a favorisé la minéralisation de
I'intrant C et son entombage dans la fraction limoneuse, tandis que I'activité microbienne plus faible chez
les especes de Poaceae a diminué la décomposition et la minéralisation du C introduit par rotation des

racines et augmenté sa stabilité et son accumulation dans la fraction POM.

Dans le chapitre Ill, nous avons montré comment I'apport de C dérivé de nouvelles plantes et les pertes de
C préexistant étaient en synergie, avec un apport plus élevé de nouveau C diminuant les pertes d’ancien C.
Les especes plantées en surface ont considérablement augmenté I'apport de nouveau C dans le sol et
diminué le rendement du C ancien. En particulier, M. sativa avait un apport plus élevé et des pertes plus
faibles que L. perenne. L'apport de nouveau C s’est principalement fait au niveau des fractions POM et
limons fins+argile dans les sols. Dans le sol superficiel , I'ancien C a diminué dans tous les gisements sauf
dans la fraction limons fins+argile, ou il s'est accumulé. Dans le sous-sol, I'ancien C a diminué dans tous les
gisements sauf dans le POM, ou la diminution n'a pas été significative. Les différentes caractéristiques des
racines, des microbes et du sol étaient mieux corrélées avec |'apport de nouveau C dans les fractions que
les changements de l'ancien C. Les anciennes pertes de C semblaient plus liées au choix du sol et "
intrinseéques " au systéme du sol. Cette entrée de nouveau C était principalement corrélée positivement

avec la production de biomasse racinaire, tandis que le rapport C:N était corrélé négativement avec la
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nouvelle entrée de C dans les fractions POM et limons fins+argile. Les caracteres racinaires sont mal corrélés
aux variations de quantité de I'ancien C. Les caractéristiques microbiologiques ont été le principal facteur
a l'origine des nouveaux apports de C, corrélés positivement a I'augmentation du nouveau C dans chaque
fraction. Ils étaient aussi positivement corrélés avec I'ancienne accumulation de C dans la fraction limons
fins+argile. En ce qui concerne les caractéristiques du sol, la stabilité des agrégats et la teneur en N étaient
en synergie et en corrélation positive avec les nouveaux apports de C dans le systeme et I'accumulation des
anciens C dans la fraction limons fins+argile. La fraction fine du sol (<20um) a été corrélée négativement
avec la nouvelle entrée de C et, étonnamment, I'ancienne accumulation de C dans la fraction limons
fins+argile. Ces résultats ont clairement montré comment le type de sol constitue le facteur pricipal influant
sur le stockage et le cycle du carbone dans le sol car la fertilité et I'activité microbienne du sol constituent
le moteur de la séquestration du carbone. Les espéces végétales ont un effet secondaire sur le stockage et
le cycle du carbone dans le sol . M. sativa est I'espéce la plus influente parmi les 12 étudiées et agit en
augmentant I'apport de nouveau C grace a une production plus élevée de tissus labiles et une activité
microbienne accrue. Une faible saturation en C du sol ne semble pas avoir d'influence positive sur le
stockage du C dans la fraction limons fins+argile. Cependant, lorsque I'apport de nouveau C dans la fraction
limons fins+argile est normalisé par la biomasse racinaire (pour estimer I'apport de nouveau C par g de
racine), le sous-sol a un rendement de stockage C supérieur a celui de la terre végétale, et L. perenne a un
apport supérieur par g de biomasse produite. Une saturation plus faible en C pourrait donc avoir un effet
positif sur le stockage du C dans le sol, mais cet effet est atténué par la fertilité du sol (qui détermine la
production de biomasse et |'apport de C dans le systeme) et I'activité microbienne (qui transforme I'apport
de C et le transfére dans la fraction limons fins+argile par métabolisme microbien). Dans ce chapitre, nous
montrons clairement la puissance du couplage des techniques de marquage isotopique avec le
fractionnement du sol pour décrire efficacement les changements de C dans le sol et étudier leurs

corrélations avec les différents acteurs impliqués.
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Enfin, dans le Chapitre IV, nous montrons une fois de plus comment le sol est I'élément principal qui faconne
le ‘priming effect’, avec des pertes de carbone plus élevées dans le sol superficiel que dans le sous-sol en
raison de la biomasse et de l'activité microbienne accrues, mais un ‘priming effect’ négatif dans le sol
superficiel et positif dans le sous-sol. L'augmentation de I'apport de nouveau C dans le sol favorise le
passage de la préférence pour le substrat des plantes de I'ancien C préexistant a I'apport de nouveau C.
Ceci peut étre observé dans les résultats de respiration du sol : dans le sol superficiel , I'augmentation de la
sighature du 3C au cours des six mois est supérieure a celle de le sol superficiel , atteignant une quantité
plus élevée de CO; provenant de la minéralisation du nouveau C introduit par rapport a I'ancien C
préexistant dans le sol sol. La quantité totale d’ancien C consommée dans un sol végétalisé diminue par
rapport a un sol nu, ce qui entraine un ‘priming effect’ négatif. Dans le sous-sol, I'apport de nouveau C n'est
pas assez élevé pour permettre le changement de préférence du substrat, et les communautés
microbiennes continuent d’utiliser I'ancien C préexistant pour l'acquisition des nutriments. Dans le sous-
sol, nous pouvons observer un effet significatif des espéces, M. sativa ayant un ‘priming effect’ positif plus
élevé que L. perenne. Ceci peut s'expliquer par la concurrence entre les communautés microbiennes et les
plantes pour l'acquisition d'azote. L’absorption racinaire par L. perenne concurrence les communautés
microbiennes pour l'acquisition d'azote et réduit leur activité, ce qui réduit globalement leur efficacité a
consommer l'ancien C et entraine un faible ‘priming effect’ (pas significativement différent du sol nu). M.
sativa étant une espéce fixatrice de N,, elle ne concurrence pas les microorganismes pour le N.
L'augmentation de l'intrant de C labile augmente en fait la biomasse et I'activité microbiennes et I'extraction
de I'ancien C pour I'exploitation des ressources. Pour cette raison, M. sativa a un ‘priming effect’ positif
plus élevé. Dans ce chapitre, nous réconcilions les théories de la préférence pour le substrat et celles de la
concurrence, qui déterminent le ‘priming effect’ et dépendent de la fertilité du sol et, ensuite, des especes
végétales. Le ‘priming effect’ de la fertilité du sol se manifeste par la préférence du substrat, le sol fertile
permettant aux communautés microbiennes de changer de substrat et ayant pour résultat un ‘priming

effect’ négatif. Les sols pauvres ne permettent pas le changement de substrat et donnent lieu a un ‘priming
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459  effect’ positif, dont I'ampleur est déterminée par I'absence de concurrence microbienne pour |'azote par
460 les plantes. Nous avons également observé que le ‘priming effect’ dans le sous-sol était plus élevé dans les

461  fractions limon et limon fin + argile, remettant en question la stabilité effective de ces fractions.
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CONCLUSION ET APPLICATION PRATIQUE

Avec cette recherche, nous avons mis en évidence comment les especes fixant N, sont plus efficaces pour
la séquestration du C grace a un apport plus élevé de C labile qui augmente le stockage total du C, plus
particulierement dans les bassins de C stables limon et limon + argile. L'apport plus élevé dans les bassins
protégés limon et limon + argile est lié aux caractéristiques racinaires liées a la labilité (en particulier les
caractéristiques chimiques des racines) qui augmentent I'activité microbiologique. Dans cette perspective,
I'étude du spectre économique racinaire est un outil prometteur pour établir un lien entre les traits
racinaires et la séquestration du carbone. La symbiose avec la bactérie Rhizobium joue également un role

important en augmentant la production et le dép6t d'exopolysaccharides dans les fractions fines du sol.

Le sol est le principal facteur qui influe sur le stockage du C, et I'analyse des basins de carbone liés aux
fractions du sol couplé a I'expérience de I'étiquetage isotopique est une méthodologie puissante pour
déméler les mécanismes du cycle C. Le sol superficiel a un apport plus élevé en C en raison d'une fertilité
plus élevée et d'une activité microbienne plus élevée, ce qui augmente le dépét de C dans la fraction
protégée de limon et de limon + argile. Le sol superficiel a également moins de pertes de carbone ancien
grace au passage de la consommation préférentielle de substrat de I'ancien C vers le nouveau C des
communautés microbiologiques. Globalement, I'effet de la saturation en C sur le stockage du C dans la
fraction limon + argile semble étre soumis a la qualité du sol en termes de teneur en N et d'activité
microbiologique. Cependant, lorsque ces exigences sont satisfaites, il peut stocker C plus efficacement,
comme le suggere la quantité plus élevée de C déplacée dans les fractions de limon + argile par g de racine

dans le sous-sol (faible saturation en C) par rapport a la terre végétale (saturation en C élevée).

Le sol est également le principal moteur de le ‘priming effect’, le sol superficiel présentant un ‘priming
effect’ négatif en raison du passage des communautés microbiologiques de I'ancien C au nouveau C. Dans
le sous-sol, le ‘priming effect’ est positif et la concurrence détermine son ampleur : L. perenne diminue le

‘priming effect’ positif (presque aucun ‘priming effect’) grace a la compétition pour I'azote qui inhibe
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I'activité microbiologique. M. sativa, d'autre part, augmente I'azote du sol grace a sa capacité de fixation de

I'azote et augmente I'activité microbiologique, ce qui augmente globalement le ‘priming effect’ positif.

Une de nos principales indications pratiques est de ne pas considérer le potentiel de stockage du C du sol
uniquement du point de vue de la minéralogie, de la teneur en argile ou de la saturation en C, mais de faire
attention a la santé du sol. Plus spécifiquement, pour évaluer ses niveaux de fertilité (teneur en N), la
stabilité des agrégats (MWD) et le développement des communautés microbiennes (évaluation de leur
biomasse et/ou activité). La diversité microbienne pourrait également étre un indicateur important. Ces
indicateurs sont liés a un apport plus élevé de C dans le sol par le biais d'une production accrue de biomasse,
d'un transfert vers un bassin limons fins+argile protégé et d'un ‘priming effect’ négatif dG a un changement

d'utilisation du substrat.

L'utilisation de le sol superficiel fertile augmente I'accumulation de carbone par rapport a un sous-sol
pauvre et il est donc souhaitable pour la revégétalisation des sols géotechniques. Lors de la revégétalisation
de le sol superficiel fertile, les espéces a croissance rapide qui fixent I'azote (c.-a-d. les légumineuses) avec
un apport élevé de C labile sont plus efficaces pour stocker le C dans un bassin protégé de limons et de
limons fins+argile par un apport racinaire et un renouvellement microbien in vivo plus élevés. De plus, la
revégétalisation de le sol superficiel a un ‘priming effect’ négatif, ce qui augmente la stabilité du C

préexistant.

Cependant, l'utilisation de terre végétale n'est pas toujours possible. Certaines conditions particuliéres
peuvent nécessiter la revégétalisation du sous-sol ; par exemple, en cas d'indisponibilité de le sol superficiel
fertile, I'impact écologique de I'enlevement de le sol superficiel fertile d'une zone différente, ou en raison
de vastes zones excavées qui seraient trop colteuses économiquement et écologiquement pour étre

couvertes de terre végétale fertile (comme de vastes carriéres). Dans ce cas, nous conseillons de:

1) Fertiliser le sol pour augmenter la production de biomasse et le stockage du C.

2) Ensemencer avec des communautés microbiennes.
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De plus, la saturation en C basse n'augmente pas le stockage du C protégé dans le sous-sol dans notre
expérience, mais elle est encore prometteuse pour le stockage potentiel du C si la fertilité et les exigences
microbiennes sont respectées. Si la fertilisation et l'inoculation microbienne sont impossibles, nous
suggérons d'éviter |'utilisation d'espéces fixant I'azote, car I'augmentation de la biomasse microbienne liée

a ces espéces entrainerait une minéralisation plus importante de I'ancien C.
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