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Résumé  
 
Le changement climatique (CC) représente un défi majeur pour la sécurité alimentaire 
mondiale actuelle et future en affectant considérablement la productivité des systèmes 
agricoles. Le blé d’hiver est un aliment de base largement consommé et produit en Europe qui 
est particulièrement vulnérable au CC. Or, la production de blé mondiale doit être augmentée 
de 70 Mt d’ici 2050 pour pouvoir nourrir une population estimée à 9.8 milliards d’ici la moitié 
du siècle. La compétition pour les ressources et la terre, couplée à la dégradation de 
l’environnement par l’agriculture intensive, imposent de développer des systèmes agricoles 
plus efficients en ressources capables de maintenir la productivité des agroécosystèmes sur le 
long terme. C’est dans ce contexte qu’il faut trouver de nouvelles pratiques agricoles pouvant 
accroître la résilience du blé sous les contraintes du CC, tout en préservant l’environnement. 
Ce mémoire de fin d’étude étudie les relations entre architecture racinaire du blé, microbes 
de la rhizosphère et indicateurs de rendement, sous des climats futurs simulés, et deux types 
de gestion du sol contrastés (apports faibles vs. élevés en matière organique), afin de 
déterminer quelles pratiques agricoles peuvent améliorer la résilience du blé au CC. Les 
résultats obtenus indiquent que les climats futurs favorisent plutôt la production de biomasse 
aérienne par rapport aux racines chez le blé d’hiver, bien que les réponses racinaires sont non-
linéaires : la prolifération racinaire est accrue dans le climat de 2068 mais réduite dans le 
climat de 2085, témoignant de la complexité des réponses adaptatives du blé face au CC.  Des 
systèmes racinaires plus profonds ont été observés dans les sols à haute teneur en matière 
organique, mais cela n’a pas conféré d’avantages de rendement. À l’inverse, les plants de blé 
dans le sol à faible teneur en matière organique ont favorisé des systèmes racinaires plus 
superficiels donnant un meilleur rendement, mais qui ont probablement accru le risque de 
lessivage des nitrates. Ces résultats corroborent le besoin de sélectionner des plants de blé 
ayant un système dimorphique capable de se développer autant en profondeur qu’en surface, 
afin d’allier rendement agricole et réduction de la pollution des écosystèmes. Des essais long-
terme en champs sont nécessaires pour valider les résultats obtenus dans cette étude, ce afin 
de guider au mieux une production de blé résiliente au CC. 
 
Mots-clés: Froment d’hiver; Triticum aestivum; Changement climatique; Architecture 
racinaire (RSA); cycle du carbone; cycle de l’azote; allocation du carbone; lessivage des 
nitrates; santé du sol; rhizosphère; agriculture durable; gestion des sols; résilience. 

 
 
 
 
 
 
 
 
 
 
 
 



 7 

Abstract  
 
Climate change (CC) poses significant challenges to global food security by affecting crop 
productivity. Winter wheat (Triticum aestivum L.), a major staple food consumed in Europe, is 
particularly vulnerable to CC. Yet, wheat production must increase by 70 Mt by 2050 to feed 
the projected 9.8 billion people. Competition for land and resources coupled with the 
degradation of the environment by intensive agriculture demands resource-efficient 
agricultural systems that maintain agroecosystems’ ability to provide goods and services in 
the long run. In this context, sustainable agricultural strategies that enhance wheat resilience 
under CC are urgently needed. This study investigates the interactions between Root System 
Architecture (RSA), rhizosphere processes, and wheat performance under simulated future 
climate scenarios and contrasting soil management practices (low vs. high organic matter 
input) in order to identify potential innovative farming practices that simultaneously sustain 
wheat yield and preserve the environment under the challenges of CC. Results indicate that 
elevated CO₂ and warming influence carbon allocation in wheat, by promoting shoot over root 
biomass. However, RSA responses to climate stress were non-linear: root proliferation 
increased under the 2068 scenario but declined under the more extreme 2085 climate, 
indicating complex adaptative responses of wheat under CC. Deeper RSA traits were observed 
in high-SOM soils, yet these did not confer yield advantages, likely due to increased microbial 
competition for nitrogen. Conversely, low-SOM soils promoted shallower roots with 
consistently higher grain yield but increased the risk of nitrate leaching. These findings 
highlight the need of breeding dimorphic wheat ideotypes capable of forming both shallow 
and deep roots to ally the needs of sustaining wheat yield increases, with the preservation of 
the environment. Future long-term field trials are essential to validate these insights and guide 
a more resilient wheat production in the face of CC.  
 
Keywords: Winter wheat; Triticum aestivum; Climate change; root rystem architecture (RSA); 
carbon cycling; nitrogen cycling; carbon allocation; nitrate leaching; soil health; rhizosphere; 
sustainable agriculture; soil management; resilience. 
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1. Introduction 
 

Climate Change (CC) is one of the most talked-about issues of our time notably because of its 
uncertain consequences on crop production worldwide and its related food insecurity (Lobell 
et al., 2013). Global population growth reaching 9.8 billion people by 2050 puts additional 
pressure on agricultural systems to provide enough food for everyone (DESA, 2017). 
Competition for land, water and energy further complicates the problem by limiting the 
resources available for agriculture (Godfray et al., 2010). Intensification of agricultural systems 
is therefore indispensable (Parry et al., 2011; Reynolds et al., 2011) but this has to be achieved 
without compromising agriculture’s long-term viability.  
 
Past agricultural intensification strategies deployed under the ‘Green Revolution’ have led to 
large-scale environmental degradation including increased soil erosion, biodiversity loss, 
declining soil fertility, and greenhouse gas (GHG) emissions, all of which undermine the 
capacity of ecosystems to sustain food production in the long run (Foley et al., 2005). Novel 
strategies such as ‘Sustainable agriculture’ or ‘Agroecology’ propose to integrate natural 
biological cycles and ecological interactions into farming systems while making an efficient use 
of nonrenewable resources and preserving the environment (Altieri, 2018; Doval, 2018). This 
way, we ensure the long-term ability of agroecosystems to provide goods and services, and 
secure a safe, sufficient, and sustainable food supply for future generations.  
 
Wheat (Triticum Aestivum L.) is the fourth most cultivated cereal worldwide after rice and 
maize (“FAOSTAT,” 2023), contributing approximately 20% of total dietary calories and protein 
intake globally, which makes it a cornerstone of worldwide food security (Shiferaw et al., 
2013). Over the next decade, wheat production is assumed to increase by 70 Mt to meet the 
21% yield growth target necessary for a Zero Hunger world, along with a 6% reduction in GHG 
emissions (OECD et al., 2022). However, climate change will impact wheat production in ways 
that hamper such productivity growth (Myers et al., 2018).  
 
In Europe, CC is modifying the geographical distribution of agro-climatic zones by lengthening 
the crops’ growing season, thereby altering crop growth suitability (Ceglar et al., 2019). Since 
1990, warming and precipitation changes have contributed to continent-wide reductions in 
wheat yields (Moore et al., 2015; van der Velde et al., 2018), a trend which is expected to 
intensify in the coming decades (Ben-Ari et al., 2018). Given that Europe produces 33% of 
global wheat yield, 25% of which is exported to third-party countries, maintaining high yields 
is critical for global food security (Shiferaw et al., 2013; “FAOSTAT,” 2023; Palacin, 2024).  
 
Initiatives such as “BIOdiversity of soils and FArming Innovations for improved Resilience in 
European wheat agrosystems” (“BIOFAIR,” 2023) help to achieve this goal by seeking ways to 
enhance wheat yields under the constraints of climate change. Central to this approach is the 
study of the soil microbiome within the wheat rhizosphere, which is a key factor of crop 
performance (Cangioli et al., 2022). Soil microbes enhance plant growth and resilience to 
biotic and abiotic stresses (Vandenkoornhuyse et al., 2015). However, they are themselves 
vulnerable to CC, as abiotic factors influence their composition and function (Agler et al., 
2016). Understanding how these respond and adapt to CC is therefore crucial for seeking ways 
to sustain their beneficial roles on agricultural productivity in the future. 
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This brings the subject of my master’s thesis which investigates the interactions between Root 
System Architecture (RSA) of WW and soil microbes under various climate scenarios and soil 
management strategies. RSA, which refers to the spatiotemporal organization of root organs, 
plays a  crucial role in determining wheat’s ability to acquire soil resources (Lynch, 2022). 
Under suboptimal water and nutrient availability, roots can alter their phenotype to optimize 
soil resource uptake, a phenomenon described to as root architectural plasticity (Lynch, 2019).  
 
RSA plasticity enables plants to adapt to environmental stress, but the extent to which plant-
microbe interactions contribute to this process remains unclear. Plant-growth promoting 
microorganisms (PGPM) can cause changes in root architecture through the secretion of plant 
growth regulators. In turn, plants exposed to abiotic stress can recruit specific microbes that 
help them acquire more of the limiting resource through the exudation of specific compounds 
(Rengel et al., 2000; Micallef et al., 2009; Castrillo et al., 2017).  
 
Linking root architecture with carbon rhizodeposition is thus important to understand the 
benefits plants gain to establish plant-microbial associations for soil resource capture 
(Galindo-Castañeda et al., 2022). This study aims to (1) evaluate how variations in RSA emerge 
under simulated future climates and contrasting soil management regimes (conventional vs. 
organic), (2) investigate whether these traits are associated with enhanced rhizodeposition in 
the wheat rhizosphere, (3) identify which root traits are best correlated with wheat yield and 
nutritional value, and (4) determine which soil management regime is most interesting to 
enhance wheat’s resilience in the face of CC. By linking RSA, rhizodeposition, and yield, this 
study will provide insights into soil management strategies that sustain wheat’s productivity 
while maintaining soil health and fertility under future climates.  
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2. State-of-the-art 
2.1. Climate Change  

 
Climate Change is defined as the long-term shift in weather patterns of the Earth’s climates 
according to the NASA (“What Is Climate Change?,”, n.d.).  Although changes in climate 
patterns occur naturally, as when volcanoes erupt or the sun’s activity varies, Earth’s global 
climate has seen an alarming disruption since the 20th century when humans began using fossil 
fuels as their main source of energy (Nations, n.d.). Today, it is overall agreed that human 
activities have caused global warming through the emissions of GHG (Calvin et al., 2023). The 
total anthropogenic increase in global surface temperature between pre-industrial levels 
(1850-1900) and the last decade (2010-2019) is between 0.8°C and 1.3°C (Calvin et al., 2023).  
 
This rise in temperature has already caused widespread adverse impacts across the globe, 
mainly through the increased frequency of extreme events like hurricanes, wildfires, 
heatwaves, droughts, heavy precipitation, and floods. Climate-sensitive sectors such as 
agriculture and energy have already exposed millions of people to food insecurity (Calvin et 
al., 2023). However, regions of the world are not equally affected, with mid- and low-latitude 
regions experiencing more negative impacts than high-latitude regions (Calvin et al., 2023).  
 

In Europe, rising temperatures will shift the geographical distribution of climate zones 
(European Commission, n.d.). Agricultural yields may decline due to higher temperatures, 
more frequent heavy precipitation, and increased agricultural droughts. Southern Europe is 
particularly vulnerable to CC, as they face considerable declines in overall rainfall and more 
severe droughts. In contrast, Northern and Western Europe are expected to receive more 
annual rainfall, though not all models agree on such assumption (Figure 1) (Jacob et al., 2014; 
“Impact drivers,” 2024). Nevertheless, uneven seasonal distribution of precipitation will likely 
lead to more extreme droughts and heavy rainfall events, posing serious threats to crop 
growth and yield, especially if these occur at critical growth stages (Zampieri et al., 2017).  
 

In its Fifth Assessment Report AR5, the Intergovernmental Panel on Climate Change (IPCC) 
developed fours scenarios of  climate evolution for the end of the 21st century, termed the 
Representative Concentration Pathways (RCPs) (Pachauri et al., 2015). These scenarios 
describe distinct GHG emissions pathways with their associated impacts on the biosphere and 
human societies, based on various socio-economic and mitigation assumptions (Calvin et al., 
2023). RCP8.5 represents the highest-emission scenario inducing a radiative forcing of 8.5 
W.m-2 (~1370 ppm CO2 eq) by 2100 (Riahi et al., 2011). It is often called the ‘business as usual’ 
pathway, as it assumes no mitigation efforts are taken to reduce GHG emissions. Under this 
trajectory, the projected increase in global mean surface temperature between pre-industrial 
levels and the end of the century is between 3.15 and 5.47 °C (Pachauri et al., 2015).  
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2.2. Winter wheat  
 
Winter wheat (WW) dominates wheat production in Europe, accounting for 96% of the total 
annual yield (Eurostat, n.d.; USDA, n.d.), largely due to the temperate climate of Europe which 
provides a period of vernalization necessary for WW growth. Specifically, WW must be 
exposed to cold temperatures, ranging from 0° to 5°C, before heading takes (B.C. Curtis, n.d.). 
Therefore, WW is sown in autumn to allow it to grow sufficiently before winter. In spring, WW 
resumes its growth rapidly, outperforming spring wheat (SW), which is only sown in spring 
due to its higher frost sensitivity. Both WW and SW are harvested between April and 
September, depending on location and variety (B.C. Curtis, n.d.). Although WW and SW differ 
in several ways, they belong to the same species: common wheat (Triticum Aestivum L.).   
 
Common wheat is the most cultivated wheat species in the world due to its high yield 
potential, strong nutritional value and excellent baking qualities (Biel et al., 2020). It contains 
essential minerals, vitamins and lipids essential for the human nutrition, besides being a great 
source of carbohydrates (Biel et al., 2020). It also has a high protein content, especially in the 
form gluten which is responsible for the raising of the dough during bread making. In 
comparison, Triticum Durum L. is a harder wheat species, that is more appropriate for pasta 
and semolina production. Beyond human consumption, wheat also provides valuable by-
products: wheat straw serves for feedstock, bedding of livestock and soil amendment, while 
spent grain is used as a key ingredient in beer production (B.C. Curtis, n.d.). 
 

 
Figure 1 :Projected changes of total annual precipitation (%) (left) and annual mean temperature [K] 
(right) for 2071–2100 compared to 1971–2000, for RCP8.5 (Jacob et al., 2014).  

The optimal growth and tillering temperature for WW ranges from 15 to 20°C, and the growth 
temperature threshold is situated between 4°C to 30°C (FAO, 2025; B.C. Curtis, n.d.). The 
growing period lasts 180 to 250 days, depending on location (FAO, 2025). Under the high-
emission RCP8.5 scenario, Western Europe is projected to be warmer of 3°C by 2100, receive 
an additional +140 mm of precipitation and see CO₂ concentrations rise by +375 ppm (Jacob 
et al., 2014; IPCC, 2021), though variability is seen between regions (Figure 1).   
 
Rising temperatures will disrupt the normal development of wheat, accelerating its growth 
period, and negatively impacting yield and nutritional grain quality (Zampieri et al., 2017; Khan 
et al., 2020). Extreme heat events happening at sensitive stages of plant development, such 
as flowering (BBCH 61-69) or grain-filling (BBCH 71-79), may considerably reduce grain yield, 
especially if they are prolonged (Figure 2) (Riedesel et al., 2023). When combined with 
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drought, the effects of heat stress are even more pronounced (Pradhan et al., 2012). Drought 
is most problematic during the stem elongation and booting phases (BBCH 31–50) (Figure 2) 
(Riedesel et al., 2023). Wheat is also highly sensitive to excess water as it leads to pest and 
disease proliferation, nutrient leaching, and anoxic soil conditions that hinder root respiration 
(Zampieri et al., 2017). In other words, wheat is vulnerable to summer drought during grain 
filling and winter waterlogging during establishment, which pose serious risks to future yields, 
as Western and Central Europe will experience drier summers and wetter winters (IPCC, n.d.). 
 

 
Figure 2: Phenological stages of winter wheat growing season, as provided by the PHASE model, with values 
relating to the BBCH scale throughout the vegetation period (Riedesel et al., 2023).  

While increased carbon dioxide atmospheric concentrations could enhance wheat yield 
through the CO2-fertilization effect, this benefit would only be realized if nutrients are not 
limiting and temperature is optimal (Porter et al., 2014; Terrer et al., 2020). Extreme 
temperatures can rapidly offset CO₂-induced crop growth, with each 100‐ppm CO2 increase 
being lost with an increase of about 2°C (Asseng et al., 2019).  
 
Strikingly, water-limited plants tend to benefit more from elevated CO₂ levels than irrigated 
plants, since they reduce their stomatal conductance as a consequence of CO2 abundance, 
which improves their water-use efficiency (Asseng et al., 2004; Porter et al., 2014). McGrath 
et al. (2013) showed that yield gains in rain-fed systems were greater in dry years than in wet 
years. However, reduced evapotranspiration could also potentially reduce plant nutrient 
uptake, leading to lower protein and vitamin concentrations in the grains (Myers et al., 2014).  
 
The combined effects of increased temperature, elevated CO₂ concentrations, and shifting 
rainfall patterns under the RCP8.5 scenario suggest that protein yield will decline even when 
grain yield increase (Asseng et al., 2019). However, European countries won’t be affected the 
same way, with low‐ and mid‐latitude locations experiencing mostly negative yield impacts 
from CC, whereas higher-latitude areas may see some positive impacts. The nature of extreme 
weather events will also differ by region : Norther Europe will face higher risks of excessive 
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wet conditions from sowing to flowering while Southern Europe will face more frequent and 
longer droughts during the growing season (Zampieri et al., 2017; Mäkinen et al., 2018). As a 
result, yield reductions will be more severe in the south, while the north may experience 
smaller losses and even yield gains (Figure 3) (Rama et al., 2023).  
 

Figure 3: Map showing relative wheat yield changes in 2055 compared to 1955 under CC and elevated 
CO2 for current rain-fed production systems under the RCP4.5(Rama et al., 2023).  
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2.3. Soil Degradation 
 
Today’s agriculture relies mainly on external inputs such as pesticides, mineral fertilizers, 
irrigation, or intense tillage to achieve high crop yields. These practices directly derive from 
the Green Revolution heritage of the 1960s which enabled astonishing increases in crop yields. 
However, they have caused vast environmental damage, ranging from local consequences, 
such as increased erosion, lower soil fertility, and reduced biodiversity; to regional damage, 
such as water pollution and eutrophication; and global damage such as the disruption of 
Earth’s hydrological and biogeochemical cycles (Matson et al., 1997). Although these modern 
agricultural techniques boost yields in the short term, they ultimately threaten the capacity of 
agroecosystems to sustain food production in the long run.  
 
Central to this problem is soil’s ability to deliver long-term goods and services. Soils provide 
98.8% of humanity’s total food besides offering other regulating services, such as carbon 
storage, greenhouse gas regulation, flood mitigation, and filtering of nutrients and 
contaminants, among others (Kopittke et al., 2019). Their importance in sustaining humanity 
is well captured by the striking quote “soil is the thin layer covering the planet that stands 
between us and starvation” (Karlen et al., 2014). Despite their critical role, soils are 
increasingly threatened by intensive agriculture, which provokes soil degradation through the 
loss of organic matter and biodiversity, contamination, erosion, and acidification (Kopittke et 
al., 2019). Worldwide, 52% of agricultural soils are estimated to be moderately to severely 
degraded, costing the global economy $400 billion annually (Noel et al., 2015; FAO, 2021).  
 
Soil degradation is driven by two main mechanisms : the loss of organic matter and erosion 
(Karlen et al., 2015).  Soil organic matter (SOM) is a key determinant of soil health and fertility: 
it enhances cation exchange capacity, improves water infiltration and retention, serves as a 
slow-release reservoir of nutrients and provides habitat for beneficial soil micro-organisms 
(Kopittke et al., 2019). Yet, long-term agricultural production depletes SOM stocks by 
removing crop residues and exporting biomass away from the fields.  
 
Practices such as ploughing and intensive tillage further accelerate SOM loss by oxygenating 
the soil and stimulating microbial activity and decomposition rates. This ultimately leads to 
the degradation of soil structure, mainly through crusting, runoff, and erosion. Erosion, in 
turn, worsens SOM loss in a negative feedback loop by stripping away the most nutrient-rich 
and OM-dense layer of the soil profile (DeLong et al., 2015).  
 
Conservation tillage, cover crop implementation, and enhanced OM input are often cited as 
practical ways to reduce erosion risks and increase OM accumulation in soils (Lal, 2015). 
Furthermore, they enhance soil biological properties such as nutrient cycling and pathogen 
suppression, while also improving soil aggregate stability and water-holding capacity, 
strengthening the soil’s ability to buffer against climatic extremes and offering great potential 
for climate change adaptation (DeLong et al., 2015; Kopittke et al., 2019). 
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2.4. Biogeochemical Cycles  
 
Increasing organic carbon stocks in soils also contribute to climate change mitigation. In fact, 
the terrestrial biosphere holds the largest carbon reservoir in the form of dead organic matter 
in litter and soils (1,500–2,400 PgC), far exceeding the carbon stored in living vegetation 
biomass (450–650 PgC) (Stocker et al., 2013). However, when SOM is lost through microbial 
respiration, soil’s role shifts from a carbon sink to a net emitter of GHG. Although elevated 
atmospheric CO2 concentration can foster photosynthesis via the CO2 fertilization effect and 
OM input to soils, this is only effective when other nutrients are not limiting, especially 
nitrogen, which can reduce the CO2 fertilization effect by ~65% (Terrer et al., 2020). 
 
The biogeochemical cycles of carbon and nitrogen are closely intertwined. For example, when 
soil carbon stocks decrease, microorganisms lose the substrate necessary for their growth, 
rendering them unable to perform biological nitrogen fixation (BNF) - a process essential for 
the conversion of non-reactive atmospheric N2 into reactive forms like NH3 or NH4

+, which are 
available for plant uptake (Stocker et al., 2013). This ultimately limits the fixation of carbon 
through photosynthesis and SOM inputs, thereby reinforcing a negative feedback loop. 
 
Since the industrial era, conventional farming practices have substantially depleted soil 
organic carbon (SOC) stocks, which have affected agricultural BNF and microbial nutrient 
cycling. To compensate this, the Haber-Bosch process was developed in 1908 to artificially 
synthesize ammonia NH3 from N2, the primary substance used in nitrogen fertilizers. While 
this innovation exploded crop yields, it also led to an excessive production of reactive nitrogen 
(Nr) on Earth, leading to disastrous impacts on the environment, including soil and water 
acidification, eutrophication of waterbodies, and emission of nitrogen oxides NOx, which are 
a series of potent GHGs (Figure 4) (Gruber et al., 2008; Stocker et al., 2013).  
 

Figure 4: Anthropogenic reactive nitrogen (Nr) production (in TgN.yr⁻¹) stemming from fossil fuel 
burning, cultivation-induced biological nitrogen fixation, the Haber–Bosch process, and the totality of it 
(Gruber et al., 2008; Stocker et al., 2013).  
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2.5. Sustainable Agriculture 
 
Given these complexities, it is crucial to adopt more sustainable agricultural systems that focus 
on optimizing fertilizer use while minimizing environmental harm. However, given that 
nitrogen availability will constrain terrestrial carbon storage throughout the 21st century, CC 
mitigation and agricultural productivity will only be feasible if nitrogen is not limiting (Erisman 
et al., 2011). But simply increasing nitrogen production through the Haber-Bosch process is 
not the best solution. Practices that restore soil organic matter, promote natural nitrogen 
fixation, and enhance soil health are actually those that will help to simultaneously mitigate 
CC and maintain long-term agroecosystem productivity (Chang et al., 2021).  
 
Novel approaches such as Organic Agriculture, Agroecology and Conservation Agriculture 
emerged in response to the above-mentioned impacts of intensive agriculture on the 
environment. These promote food production with minimal harm to humans, animals and 
ecosystems (Hossard et al., 2016).  Although each has their particularities, they share a 
common vision of integrating natural biological cycles and ecological interactions into farming 
systems, while advocating for the reduction of reliance on nonrenewable resources, the 
preservation of the environment and the mitigation of contributions to CC (Altieri, 2018; 
Doval, 2018). Collectively, they fall under the umbrella of Sustainable Agriculture.  
 
Organic Farming (OF) is defined by the European Commission as a farming system that relies 
on ecosystem management rather than external agricultural inputs, such as synthetic 
fertilizers, pesticides, veterinary drugs, genetically modified organisms, etc. (“Regulation - 
889/2008 - EN - EUR-Lex,”, n.d.). In comparison, Conservation Agriculture (CA) promotes the 
combination of Integrated Nutrient Management (INM), minimum mechanical soil 
disturbance, and retention of crop residue in the form of mulch or cover crop (Lal, 2015).  
 
While CA differs from OF by authorizing the use of external inputs (Hobbs et al., 2008), they 
both share the same goal of enhancing SOM abundance, support microbial nutrient cycling, 
and decrease fertilizer use. As SOM abundance increases, changes in size, activity, and 
composition of soil microbial communities occur, with direct consequences on the cycling and 
retention of nutrients. Overall, greater biodiversity translates into an increased provision of 
ecosystem services (ES) (Benayas et al., 2009; Wagg et al., 2014). In a meta-analysis, Rahmann 
(2011) showed that OF produced more biodiversity than its conventional counterpart, just as 
CA which proved to promote soil fungi and bacteria, and their related ES (Chen et al., 2020).  
 
Such ES include the regulation of biogeochemical cycles, nutrient retention and delivery to 
plants, maintenance of soil structure and fertility, pollutant bioremediation, pest and 
pathogen control, and regulation of plant production through biochemical signaling. Soil 
mesofauna and macrofauna also contribute to nutrient cycling and soil fertility by 
transforming SOM into fecal pellets or by fragmenting SOM into pieces available for microbial 
decomposition (Jackson et al., 2017). Altogether, sustainable agriculture takes advantage of 
these naturally-occurring biological processes to support adequate yields, maintain soil 
resources over the long-term, and preserve the environment (Lehman et al., 2015). 
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2.6. Microbial Nutrient Cycling 

 
One of the most interesting aspects of microbial life is their active contribution to the 
biogeochemical cycling of nutrients. Soil microorganisms are responsible for mineralizing 
organic compounds and releasing elements from SOM to make them readily available to 
plants. They transform all fixed soil carbon and determine its fate, transferring it between the 
different compartments of the terrestrial biosphere (Figure 5) (Gougoulias et al., 2014a).  
 

Figure 5: Major carbon fluxes mediated by soil microorganisms(Gougoulias et al., 2014a). 

Soil microbes are greatly diversified and exhibit a wide range of physiological capabilities, 
tolerances, and energy sources. They use various essential nutrients to support their 
metabolism, utilizing them either as electron donors or acceptors in redox reactions. This 
leads to the inevitable coupling of carbon cycle with that of other essential nutrients, such as 
nitrogen as discussed above, and influence the abundance of soil nutrients in complex and 
dynamic ways, with direct implications for terrestrial plants (Lehman et al., 2015).  
 
Apart from detaining an important role in the breakdown of SOM, soil microbes fuel the 
nitrogen cycle, either by reducing nitrogen gas (N2) into ammonia (NH3) through BNF; 
converting ammonia to nitrite (NO2

-) and then to nitrate (NO3
-) through nitrification; returning 

nitrate or ammonia to nitrogen gas through denitrification and anammox, respectively; and 
decomposing nitrogen organic forms into soluble ammonia through ammonification. All of 
these processes combined determine the productivity of terrestrial ecosystems (Jetten, 2008).  
 
Sustainable agriculture utilizes this remarkable microbial machinery to provide plants with 
sufficient nutrients for their growth and reduce unnecessary losses in the environment, 
namely by implementing complex rotations and cover cropping that vary the types of carbon 
entering the soil, and stimulate microbial groups implied in nitrogen fixation, such as free-
living N fixing bacteria, symbiotic N fixers, and obligate plant symbiotic fungi like arbuscular 
mycorrhizal fungi (AMF) (Drinkwater et al., 2007; Dawson et al., 2008; Smith et al., 2008).  
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2.7 Root System Architecture  
 
Root System Architecture (RSA) is defined as the ‘spatial and temporal configuration of the 
root system’ within the soil, with the overarching function of maximizing the efficiency of soil 
resource capture (Galindo-Castañeda et al., 2024). In response to suboptimal availability of 
nutrients and water in terrestrial ecosystems, plants have developed evolutionary 
mechanisms to strategically deploy their root systems in response to their above-ground 
metabolic demands for support, defense, and reproduction. The primary goal of RSA is thus 
to maintain a favorable balance between resource investment in root growth and resource 
acquisition enabled by this growth (Lynch, 1995). To achieve this, plants adapt their RSA in 
relation to nutrient patches in the soil, oxygen status, pH, and bulk density.  
 
Roots can sense their environment and respond accordingly by adjusting their meristematic 
activity and allocating a just balance of resources between absorption or transport functions. 
This ability to alter their root phenotype in response to environmental stimuli is called root 
plasticity. This process explains why root systems can differ greatly in their architectural 
configuration within a same species, among genotypes of a given species, and even within a 
same individual, which in the latter case refers to root dimorphism (Lynch, 1995, 2019).  
 
There are two main types of root systems encountered in flowering plants: the dicotyledonous 
one and the monocotyledonous one. The dicotyledonous one is characterized by a main tap 
root, from which lateral roots emerge to form a unique primary root system. The 
monocotyledonous one develops a secondary root system made of shoot-borne roots (i.e., 
adventitious roots), in parallel to the primary root system. Both types of root systems 
produce secondary roots that branch extensively, and form a complex network of lateral roots 
essential for resource acquisition due to their increased absorptive surface area (Figure 6) 
(Badri et al., 2009; Freschet et al., 2021). Wheat’s root system is monocotyledonous.  
 

Figure 6: Schema of monocotyledonous (left) and dicotyledonous (right) root systems, and their 
related International Society of Root Research (ISSR) nomenclature (Freschet et al., 2021). 
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As roots grow in the soil medium, they differentiate into distinct zones. The very end of the 
root tip is typically involved in the production of new cells by division, a tissue called meristem 
in reference to the Greek term ‘meristos’ meaning ‘divisible’. Just above the zone of division 
is the zone of elongation where cells stop to divide but rather elongate in the longitudinal 
orientation of roots, pushing forward the root tip in the soil. The latter one is protected by a 
root cap called the calyptra, which is constantly renewed as it sloughs off by rubbing against 
soil particles during growth. To aid its passage through the soil, the calyptra secretes a 
lubricating substance called mucilage, which is subsequently released into the soil, alongside 
border cells and border-like cells (clusters of border cells) (E. Weaver, 1926).   
 
After elongation, roots enter their maturing phase and specialize in different activities. Some 
absorb water and nutrients, while some conduct absorbed resources to the leaves. Some store 
food and others maintain the plant’s stance in the soil medium. These functions can only 
surely be determined anatomically. However, topological, and architectural analysis can make 
assumptions about the functionality of these roots based on their diameters. Indeed, as plants 
mature, they induce secondary growth, which makes root diameter an appropriate proxy for 
root age. Usually, younger and finer roots are involved in absorbing activities while older and 
thicker roots occupy storage and transport functions (Freschet et al., 2021).  
 
Diameter-based root classification is thus a useful technique to identify a plant’s resource 
allocation strategy, whether it be the proliferation of fine absorbing roots in nutrient-rich 
areas or the construction of thick and impermeable roots that penetrate deep into the soil in 
search of limiting resources (Freschet et al., 2021). Past research has shown that roots grow 
in the direction of moist and oxygen-abundant soil pores, and that they proliferate in nutrient-
rich soil patches of phosphate, nitrate, and iron (Badri et al., 2009; Sun et al., 2017).  
 
Conversely, roots respond differently when soil resources are deficient: they grow deep for 
mobile nutrients that move with water flow like nitrate, whereas they grow shallow for 
immobile nutrients of poor diffusivity such as phosphorus and iron (Richardson et al., 2009). 
Nitrogen-deficient plants thus usually adopt a steep foraging strategy, while phosphorus-
deficient plants branch profusely in the top soil (Figure 7) (Trachsel et al., 2013).  
 

Figure 7: ‘Steep, Cheap and Deep’ and ‘Topsoil Foraging’ ideotypes in maize, representing the distinct 
soil exploration strategies of monocotyledonous crops such as wheat (Lynch, 2019).  
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2.8 Rhizobiome 
 
Plants support soil microbes by providing organic carbon either through above-ground plant 
litter or below-ground root litter and exudation - the latter process known as rhizodeposition. 
Rhizodeposition involves the continuous release of carbon-rich compounds from roots into 
the soil solution, which are typically categorized into two groups: low-molecular-weight 
compounds - including simple sugars, amino acids, sugar alcohols, organic acids, and 
secondary metabolites involved in plant defense and growth - and high-molecular-weight 
compounds such as mucilage and proteins (Bais et al., 2006). Root exudation accounts for 20-
40% of the photosynthetically fixed C and 15% of the plant-assimilated N (Canarini et al., 
2019). Glucose represents the dominant component of the exuded carbon, comprising 40-
50%, though this proportion varies with genotype, plant growth stage, and environmental 
conditions (Hütsch et al., 2002; Chaparro et al., 2014; Mönchgesang et al., 2016).  
 
The reason why plants allocate such an amount of photosynthates to the soil is evolutionary: 
plants exert mutualistic relationships with microorganisms, mostly fungi and bacteria, 
whereby labile sugar and amino acids are released into the soil solution to attract these 
microbes through chemotaxis and stimulate them to decompose the SOM around the roots 
This microbial stimulation is termed as ‘priming effect’ (Jones et al., 2004; Dijkstra et al., 2013). 
  
There are two ways by which carbon is allocated to soil. The first one is passive and involves 
the diffusion of exudates from roots to soil along concentration gradients—a process referred 
to as root excretion. The second is active and involves an array of transporters and symporters 
that facilitate their secretion (Bais et al., 2006; Sasse et al., 2018). As a result, soil microbes are 
attracted from the bulk soil to the area in close vicinity to the roots called the rhizosphere. The 
entirety of microbial organisms living in the rhizosphere compose the rhizobiome. 
 

Microbial colonization shows spatial 
variation in relation to root systems. First, 
microbes exhibit radial differentiation by 
colonizing either the ectorhizosphere, 
rhizoplane, or endorhizosphere – which 
refer to the internal root tissue, root 
surface, and external root zone, 
respectively (Figure 8). Second, microbial 
communities show lateral differentiation 
along root segments, with various root 
regions being colonized by distinct 
microbial communities (DeAngelis et al., 
2009). Kawasaki et al. (2021) demonstrated 
that the variation in microbial diversity 
between root classes and along root zones 
was of the same amplitude as that between 
different host types of wheat and rice.  
 

Figure 8: Scheme of the rhizosphere comprising the endorhizosphere, rhizoplane and ectorhizosphere 
(Scavo et al., 2019). 
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2.9 RSA and exudation patterns 
 
Although root exudation is an inevitable consequence of plant growth, there are clear 
examples of targeted exudation that attract individual organisms (Jones et al., 2004). In fact, 
plants under certain stress conditions can recruit specific microbial partners that help them 
survive better. For example, plants exposed to nutrient deficiencies induce symbioses with 
mycorrhiza and rhizobia to enhance their acquisition of limiting nutrients (Carvalhais et al., 
2013; Castrillo et al., 2017). Similarly, plants exposed to pathogen attacks can selectively 
attract biocontrol agents to protect them. This targeted recruitment is potentially mediated 
by the secretion of specific root exudates (Micallef et al., 2009; Rolfe et al., 2019).  
 
Root tips are known to produce more fresh exudates than other root classes, which results in 
a higher number of active bacteria associated with them. Other root zones, such as the 
elongation zone and mature root zone harbor distinct microbial communities (Rudrappa et 
al., 2008; Jones et al., 2009), while shed tissues in the form of border and border-like cells 
exercise a strong role in plant-microbe interactions by secreting various biochemicals, 
alongside mucilage (Bais et al., 2006; Sasse et al., 2018). Traits such as root growth angle, 
rooting depth, and lateral root branching density determine the spatial distribution of root 
tips in the soil medium, and therefore influence the abundance and location of root exudates, 
ultimately shaping the composition of microbial communities in soil space (Zai et al., 2021).  
 
Shallow root systems are usually associated with nitrifiers and methanotrophs, as these 
tolerate better topsoil fluctuations of temperature, moisture, and oxygen levels. On the 
contrary, deep root systems are rather associated with reductive microbial processes such as 
denitrification, ammonification, manganese and iron reduction, because these reactions only 
take place in anaerobic and humid conditions (Galindo-Castañeda et al., 2024).  
 
Just as roots change exudate composition to attract specific microbes in suboptimal 
availability of nutrients, their architectural configuration can also be modified by soil microbes 
through the secretion of plant growth regulators, such as cytokinins and auxins, altering the 
abundance, length and branching frequency of lateral roots, and ultimately enhancing the 
exudation of carbohydrates for  microbial growth (Badri et al., 2009; Wen et al., 2022). Hence, 
RSA results from a complex and dynamic interaction between the soil, microbes, and roots.  
 
Agricultural practices further modulate these interactions. For example, topsoil of intensively 
fertilized soils hosts rather acid-tolerant microbes, while liquid fertilizers, which are prone to 
leaching into deeper soil strata, prompt plants to adopt deeper foraging strategies. Likewise, 
intensive tillage encourages roots to grow deep and steep in the soil to be able to penetrate 
through compacted soil layers. All these mechanisms ultimately influence soil microbial 
composition and their interactions with roots, proving how important IFP are in constructing 
optimized RSA for wheat performance under future climates (Galindo-Castañeda et al., 2024).  
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3 Objectives and Methodology 
 
This master thesis is part of the BIOFAIR (BIOdiversity of soils and FArming Innovations for 
improved Resilience in European wheat agrosystems) project led by several European research 
institutions that gathered to assess the impact of CC on wheat quality traits, in concert with 
the study of functional soil microbiome in the wheat rhizosphere, with the overarching goal 
of identifying agronomic levers that could potentially mitigate the negative impacts of CC on 
plant productivity, while preserving soil biodiversity and ecosystem services.  
 
BIOFAIR operates under the BiodivERsA European Biodiveristy Partnership, a funding agency 
focusing on the restoration of Europe’s Biodiversity (“Biodiversa+,” 2024). The project brings 
together seven research institutes across five European countries, including GxABT (University 
of Liège), UGent, INRAe, FiBL, and CSIC, among others (“BIOFAIR,” 2023). The project is 
organized into seven work packages (WPs), each addressing a specific research topic aligned 
with the partners' expertise (Figure 9) (“BIOFAIR,” 2023). 
 

Figure 9:Overview of work packages and workflow for the BIOFAIR project. 

BIOFAIR combines long-term field trials with controlled mesocosm experiments to measure 
the impact of CC on wheat yield and quality traits like nutritional and technological quality of 
the grain, as well as investigate the way soil taxa evolve with CC and how this in turn affects 
the functional quality of soils in terms of nutrient cycling and disease suppression. Ultimately, 
the project aims to identify and propose innovative farming practices that enhance the 
prevalence of beneficial taxa versus pathogenic ones, maintain the production of high-quality 
grains, and support wheat resilience under future climate scenarios. (“BIOFAIR,” 2023). 
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This master’s thesis was conducted within the framework of WP3, taking advantage of its 
experimental set-up to study the influence of specific root traits and exudation patterns on 
wheat yield and nutritional value under different climate scenarios and soil management 
strategies. Precisely, wheat plants were cultivated in controlled environment chambers (CER) 
that simulated the meteorological conditions of the years 2013, 2068 and 2085.  
 
Wheat plants were grown in soils with contrasting organic matter management (high versus 
low organic input). Belowground and aboveground plant traits were measured throughout 
the full growth cycle at three key phenological stages - stem elongation, flowering, and harvest 
(BBCH30/50/80). Centered on the plants, soil cores were collected and stratified into two 
horizons (0-10 cm and 10-20 cm) (Figure 10). Additionally, interstitial soil pore water was 
extracted weekly – unless prevented by drought conditions - to quantify freely available 
glucose and nitrate equivalents as indicators of rhizosphere microbial processes. 
 

For root treatment, soil cores were washed on 
a 1 mm mesh to retrieve plant roots, which 
were carefully extracted with tweezers. The 
recovered roots were then stored in Falken 
tubes filled with a solution of 80% Ethanol 
until scanning. For imaging, roots were evenly 
spread in a plastic tray with water to scan 
them on a flatbed scanner. The obtained 
scans were subsequently analyzed using 
RhizoVizion Explorer to measure various root 
architectural traits. Soil pore water 
concentrations of glucose and nitrate were 
measured using spectrophotometry and a 
portable Cardy Ion Meter (CIM), respectively.   

Figure 10:Schema of soil coring and stratification 

To assess "The Impact of Climate Change and Soil Management on Root System Architecture 
and Sugar Exudation in Winter Wheat ", the following hypotheses were tested:  
 
H1: Root traits will be significantly impacted by different climates and soil types.   
H2: Carbon (glucose equivalent) and nitrate concentrations in interstitial soil pore water will 
be correlated with specific root traits such as number of root tips and total root length.   
H3: Root system architecture and rhizosphere chemistry will correlate with wheat nutrient 
uptake, yield and grain quality (e.g. soil nitrate and grain protein). 
 
The following objectives were pursued to address this question:  

- Quantify root traits under different climates and soil regimes.   
- Measure exudate production in wheat plants with varying root architectures.   
- Correlate root traits and exudate production across climates and soil managements.   
- Evaluate the influence of root traits and exudates on wheat yield and grain quality.  
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4 Materials and Methods 
4.1 Experimental set-up  

 
The experiment was conducted in the Ecotron facility of the TERRA Research Center, which 
pertains to the Gembloux Agro-Bio Tech faculty of the University of Liège. This Ecotron facility 
has six controlled environment rooms (CERs) which can simulate various climatic scenarios 
using artificial conditions. Environmental factors such as air temperature, humidity, wind 
speed, pressure, precipitation, carbon dioxide and ozone levels, photon flux density, soil basal 
water potential and temperature can all be precisely controlled and monitored within these 
growth chambers. In this experiment, three specific climates were reproduced to reflect the 
meteorological conditions of the years 2013, 2068, and 2085.  
 

  
Figure 11: Graphic illustrating the hydrothermal gradient with increasing CO2 concentration levels over time 
across different periods. The historical observations period is shown in blue, the 2040–2070 period in green, 
and the 2070–2100 period in red. The three dots represent the past climate (2013), near-future climate 
(2068), and farther-future climate (2085), with corresponding CO₂ levels of 420, 550, and 775 ppm, 
respectively. The ellipses show the 95% confidence interval for the Alaro-0 model predictions for future 
climates and the average synthetic data for the past climate. On the right, the average values of key 
variables for each climate are shown. 

The past climatic scenario (2013) was recreated using synthetic data derived from historical 
measurements of climatic variables at the meteorological station of Ernage in Gembloux 
(50°34'33"N, 4°43'1"E), since 1980. Future climatic scenarios were simulated based on the 
predictions of the Alaro-0 model for the RCP8.5 W.m-2 concerning the respective periods of 
2040-2070 and 2070-2100 (IPCC, 2014; Giot et al., 2016). The near-future (2068) and farther-
future (2085) climates were selected along a continuous hydrothermal index gradient of 
increasing temperature, precipitation, and atmospheric CO2-concentrations. Key climatic 
parameters for the selected years were reproduced in CERs (Figure 11) (Michel et al., 2024).  
 
To ensure reproducibility, each climate had two replicates, utilizing all six CERs. Each CER 
contained nine mesocosms, resulting in a total of 54 experimental mesocosms. These 
consisted of 50 × 50 × 50 cm (125 L) containers filled with undisturbed soil monoliths that were 
sourced from two agricultural fields with differing historical management practices: one 
received high organic input (S2) and the other low organic input (S1) (Appendices 6.1 & 6.2).  
Four soil samples from each category were randomly distributed in each CER, while the ninth 
mesocosm served as an unplanted control (S1 or S2, depending on the CER replicate) aiming 



 32 

to assess baseline soil activity relative to planted mesocosms (Figure 12). In total, six 
modalities were established (2013.S1, 2013.S2, 2068.S1, 2068.S2, 2085.S1, 2085.S2), half of 
which were designated for destructive aboveground and belowground measurements 
throughout the growth cycle, while the other half was kept for final harvest.  
 

 
Figure 12: Experimental Setup. The 54 mesocosms were distributed between the six CERs. Two soil types 
were used: S1 (low organic input) and S2 (high organic input). Each CER contained four replicates of each 
soil type, along with an unplanted control cube. CERs 1 and 4 correspond to the past climate (2013), CERs 2 
and 5 to the near-future climate (2068), and CERs 3 and 6 to the farther-future climate (2085). Control cubes 
are denoted by a ‘C’ before the soil type (e.g., C_S1, C_S2). 

Winter wheat (Triticum aestivum (L.) var. Asory) was sown at a rate of 308 seeds·m⁻² on 23rd 
of December 2022, reaching a density of 77 plants per cube. Weeds were removed manually, 
and no herbicides were applied. To simulate winter conditions, mesocosms were transferred 
to a winter room 46 days after sowing (DAS) under a temperature of 4°C. They were returned 
to their respective CERs at 176 DAS for the past climate (2013) and 103 DAS for the near-future 
climate (2068). The farther-future climate did not require this treatment, as winter 
temperatures in that climatic scenario remained above 4°C throughout the growing season. 
Back in CERs, plant development was monitored, including BBCH growth stages (Figure 13).  
 
Environmental variables such as soil matric potential, soil and air temperature, and photonflux 
density (μmol.m-2.s-1) were also continuously recorded. Fertilization was applied in three 
doses using ammonium nitrate, following recommendations from Le Livre Blanc (“Fumures – 
Livre Blanc Céréales,” n.d.). Applications were made at key growth stages: end of 
tillering/stem elongation, node formation, and flag leaf stage. The total nitrogen input (kg 
N·ha⁻¹) was calculated based on pre-existing soil nitrogen levels and crop requirements. Due 
to its lower initial N stock, S1 received an average of 50 kg N·ha⁻¹ more than S2. 
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Figure 13: Graphical representation of plant growth rate expressed in BBCH phenological stages across the 
full growth cycle, for each climate. Future climates accelerate winter wheat growth. 

The two soil types are very similar in texture and pedogenesis, as both are classified Aba(b)0 
in the Belgian Soil Classification System, and as Luvisols in the World Reference Base for Soil 
Resources (WRB). These refer to silty loam soils developed in loess which effectively retain 
water and nutrients due to their clay content (ISRIC, n.d.). The primary difference between 
the twi soils lies in their precise particle composition: S1 contains more sand than S2 (20.7% 
vs. 7.6%) but less silt (67.1% vs. 78.8%) (Appendix 9.3). Long-term field management strategies 
were different for the two soils: S1 received significantly less organic matter input than S2, 
resulting in a two-fold decrease in humus, phosphorus (P), potassium (K), magnesium (Mg), 
organic carbon (OC), and nitrogen (N) contents at the start of the experiment (Appendix 9.3).  
However, pH and C:N ratio remained similar, which suggest comparable soil functionality in 
terms of microbial activity. Mesofauna abundance was higher in S2 than S1, just as its 
Maximum Water Holding Capacity (WHC) (64.2 vs. 53.8), likely due to the greater SOM, and 
increased soil porosity provoked by burrowing activities of soil organisms (Appendix 9.3).  
 
Just before the experiment, the organically managed field S2 was pre-cropped with a radish 
mix, contributing 10% of the dry weight of the remaining biomass, along with a grass cover 
(40%) and a dense subsurface mulch layer of wheat straw (40%). No cover crop was sown in 
the conventional field (S1), although a straw layer (45%) had been incorporated into the soil, 
and oak leaves (40%) remained present. Despite these similarities, the absolute dry biomasses 
varied significantly between the two soils, with S2 containing approximately eight times more 
biomass than S1 (2645g vs. 350 g, respectively) (Appendix 9.3 & 9.4). From now onwards, we 
will refer to S1 as the “conventional” soil and S2 as the “organic” soil, although this is not 
completely true, as S2 received chemical protection products that do not respect organic 
farming legal standards (Appendix 9.2).  
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4.2 Sampling & measurements 
 
At three timepoints corresponding to stem-elongation, flowering and harvest growth stages 
(BBCH30/50/80), soil cores centered on wheat plants were collected for half of each modality 
(four replicates per modality, corresponding to two similar mesocosms per CER), which were 
used to assess root trait parameters, such as total root length, network area, and root growth 
angle. Timepoints were selected based on plant phenological stages to ensure accurate 
comparisons between climates, as these influenced wheat growth rates (Figure 13). 
 
In each mesocosm, two root core replicates were taken. These were further stratified into two 
depth horizons (0-10 cm and 10-20 cm) to evaluate root growth variability in relation to soil 
depth (Figure 10). All samples were stored at -20°C until further analysis. Aboveground plant 
parts were separated from the roots and dried at 45°C for four days to determine the dry 
weights of leaves, stems, and heads. Roots were also dried and weighed after scanning (see  
Section Roots treatment & scanning) using the same procedure. Additional yield-related 
parameters—grain fresh weight, grain moisture, thousand grain weight, and grain nitrogen 
content—were measured at full plant maturity (BBCH 89) by UGhent collaborators. 
 
Besides, soil pore water was extracted weekly – if water extraction was possible - to measure 
freely available soil carbon and nitrogen, as indicators of root exudation and nutrient cycling. 
For this, MacroRhizons were installed in mesocosms (one per mesocosm) to extract pore 
water through suction with minimal soil disturbance. Collected soil interstitial water was 
stored in Eppendorf® tubes at -20°C until further analysis. 
 

4.3 Roots treatment & scanning  
 
For root recovery and treatment, the frozen soil cores (n=144) were placed in individual 
containers with 1L of tap water to facilitate the thawing and washing of soil cores. Given the 
low clay content (12–13%) of soils, sodium chloride was not added to the suspension for the 
flocculation of clay particles and dispersion of soil aggregates. Instead, soil samples were 
manually disintegrated using gloved hands, making sure that gloves were rinsed over each 
sample to prevent their cross-contamination. While hand manipulation may have slightly 
damaged root systems - potentially affecting branched root quantification - all samples were 
treated consistently, which minimizes the risk of introduced bias in the overall results.  
 
Suspended soil-root samples were then poured over a 1mm-mesh sieve to retain roots for 
further cleaning. The remaining soil particles were rinsed off using a low-pressure hand 
sprinkler. We expect root losses to be approximately the same for all samples, ensuring the 
reliability of measurements (Böhm, 1979). Roots were then carefully extracted using tweezers, 
separating them from stones, aerial plant parts, mosses, and other organic debris also 
retained on the sieve. The aerial plant parts were dried and included in the total aboveground 
biomass weights. On average, twenty minutes were needed for the extraction of roots per 
sample. After the extraction, the sieve was cleaned with a brush to ensure no roots remained 
for the next sample. Recovered roots were stored in Falken® tubes with a solution of 80% 
Ethanol, and stored in a 8°C room for several weeks until scanning. 
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For imaging, roots were first separated from alcohol and placed in a tap water-filled pitcher, 
where they were cleaned from organic debris using the decantation method of Böhm (1979). 
Once only roots remained, they were evenly spread in a plastic tray using plastic forceps to 
prevent scratches. Approximately 400 mL of water was added to the tray to ensure full 
submersion of roots and their optimal visibility for scanning. A transparent plastic sheet was 
then placed over the water to flatten the roots, and excess water was removed with a syringe 
through a hole at the corner of the plastic sheet to eliminate bubbles and shadows.  
 
The prepared tray was then transferred to an Epson Expression 12000XL flatbed scanner with 
a transparency unit and scanned at 600 DPI using Epson Scan 2 software (“Epson Expression 
12000XL Photo Scanner | Products | Epson US,” n.d.; “FAQ Article Page | Epson Europe,” n.d.). 
Most scans were A4-sized, but larger samples needed an A3 tray, which is the scanner’s 
maximum supported size. If samples were still too large, multiple scans had to be taken, whose 
parameters were later aggregated for statistical analysis (Appendix 9.6). Care was taken to 
avoid placing roots near the tray edges to prevent their cropping from the scan.  
 
After scanning, the tray was cleaned with water to ensure no roots remained for the next scan. 
Roots were then collected in a paper microfilter to dry them and weigh their dry biomass 
(“Whatman prepleated qualitative filter paper for technical use, Grade 0858 1/2, grained 
circles, diam. 320 mm, pack of 100 Whatman paper,” n.d.). The scanned images were then 
analyzed using RhizoVision Explorer, an open-source software designed for high-throughput 
root image processing and automatic measurement of root architectural traits (Seethepalli & 
York, 2021). In this study, RhizoVision Explorer was used on a Surface Windows 10 device. 
 
For root analysis, the ‘broken roots’ mode was selected to measure architectural traits such 
as Total Root Length and Branching Frequency. Images were first organized into a single folder 
to enable a batch analysis, and pre-processing and feature extraction settings were adjusted 
based on the average characteristics of the scans. Root diameter ranges were defined 
according to the observed distribution of root segments in the images. Precisely, four 
diameter ranges were used for feature extraction: [0–0.09] mm, [0.09–0.18] mm, [0.18–0.26] 
mm, and [0.26 mm and above] to identify variations in diameter distribution across samples.  
 

Figure 14: Two images of a same sample before (left) and after (right) image segmentation. Non root objects 
< 1 mm were removed, and root contours were smoothed using a thresholding level of 200. Lateral roots 
were pruned if their length exceeded the radius of the parent root plus 3 pixels (root pruning = 3). 
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Additional preprocessing settings were applied on the scans, including a thresholding level of 
200, root pruning set to 3, filtering of background noise components (non-root objects) set to 
1 mm, and a pixel-to-physical unit conversion set to 600 DPI (Figure 14). All other 
preprocessing options were deactivated as they were not necessary in our case. A batch 
analysis was run, and preprocessing settings were applied to the entire folder of images. A 
tabular data file was generated containing all the automatically computed root parameters, 
while a metadata file containing the batch analysis settings was also generated.  
 

4.4 Root crowns imaging 
 
In this study, root crown imaging was conducted to complement broken root data with the 
measurement of traits related to foraging strategies, such as root angles, rooting depth, and 
convex hull (Seethepalli, Dhakal, et al., 2021). Root crowns refer to the upper portion of root 
systems that transitions into the shoots (Christenhusz, 2010), and root crown phenotyping, 
known as “shovelomics”, is used to study soil resource acquisition strategies of plants grown 
in specific environments (Seethepalli et al., 2020). In this experiment, only half of the root 
samples, specifically those stemming from the 0–10 cm depth contained root crowns.  
 
Root crown images were obtained using a different approach than the scanning of broken 
roots. Imaging was performed using a backlit imaging box made of black profiles isolated from 
the outside light. A black fabric was placed at the bottom of the box, and a camera was 
mounted on top of it using a spring clamp, facing downward toward the fabric (Nikon D3400 
with Nikon DX VR AF-P Nikkor 18-55mm f/3.5-5.6G, 2016). Root crowns were positioned at 
the camera’s focal point. A white 1-cm wide paper circle was placed in the corner of the fabric 
to serve as a scale reference for further image analysis. To prevent camera movement and 
consequent image blur, images were captured remotely via a USB connection on a computer 
using the DigiCamControl software (DigiCamControl, n.d.).  
 
Camera settings were as follows: ISO 100, shutter speed 1/30, aperture f/5.6, white balance 
auto, exposure compensation -1.3, and focus mode AF-S. The contrast between the white 
wheat roots and the black background facilitated the generation of easy-to-process binary 
images. However, some crowns had already turned brown because of prolonged storage, 
which made them more challenging to analyze. To address this, post-capture adjustments to 
brightness and contrast were applied to standardize their appearance with other images.The 
‘whole root’ mode was used in RhizoVision Explorer to analyze root crown images. Batch 
analysis settings were as follows: thresholding level 220, invert images (TRUE), keep largest 
components (TRUE), edge smoothing threshold 2, root pruning threshold 4, convert pixels to 
physical units (TRUE), and number of pixels per mm 24.5, while all other settings remained 
unchecked. The number of pixels per mm setting was obtained by dividing the number of 
pixels contained in the 1 cm-wide paper circle diameter by 10 mm. 
 
In case where multiple scans were taken for a same sample, the various root parameters were 
correctly aggregated to accurately represent the root distribution of the whole sample. To 
achieve this, branching frequency (per mm) was obtained by dividing the number of branch 
points by TRL, whereas average root diameter was calculated as a weighted average of the 
TRL found in each sub-sample (Appendix 9.6). Other root traits were summed. 
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4.5 Soil glucose and nitrate quantification  
 
For the analysis of glucose and nitrogen concentrations in the soil pore water samples, the 
anthrone test and a cardy-ion meter (CIM) were respectively used. The anthrone test is 
commonly used to detect hexoses in aqueous solutions. In this study, it was used to measure 
the total carbohydrate content in soil pore water extracts without distinguishing glucose from 
other sugar compounds. This is not a concern, as glucose is the primary form of sugar exuded 
by roots, therefore constituting a reliable indicator of carbon allocation to belowground plant 
parts (Chantigny et al., 2025). As for the measurement of nitrogen in soil pore water, a 
portable  CIM was used to detect soluble nitrate NO3- in the pore water samples (Folegatti et 
al., 2005; “LAQUAtwin NO3-11C/NO3-11S/NO3-11,”, n.d.). This is not a concern, as nitrate is 
the primary source of nitrogen for most higher plants (Sun et al., 2017).  
 
The anthrone test involves hydrolyzing carbohydrates into simple monosaccharides in a hot 
acidic medium, before dehydrating them into hydroxymethyl furfural compounds, which react 
with the anthrone product to produce a blue-green solution whose concentration can be 
quantified using a spectrophotometer at an absorption rate of 620/630 nm (Gerwig, 2021). 
Standard sugar solutions were prepared beforehand and measured to construct calibration 
curves, later used for the quantitative determination of carbohydrates in the samples (See 
Appendix 9.5 for more information on the lab protocol). Concerning the use of the CIM for the 
measurement of nitrate concentration in soil pore water samples, a two-point calibration was 
proceeded a standard solution. Afterwards, a droplet of each sample was applied directly on 
the sensor pad to record the nitrate concentrations, taking care to rinse the sensor with 
distilled water between each measurement. The two-point calibration was repeated regularly 
to enhance the sensor’s accuracy (Folegatti et al., 2005).  
 

4.6 Statistical Analysis 
 
For statistical analysis, a first PCA was conducted to identify which root traits had the same 
variability patterns. Only representative traits from each principal component were then 
analyzed by fitting linear mixed models (LMMs), which are in fact more adapted to the specific 
nature of this experiment as they include both fixed (Climate, Soil, Timepoint, Depth) and 
random effects (CER, Cube). Indeed, as Cube and CER vary in terms of environmental 
conditions, they cannot be considered as fully independent replicate experimental units.  
 
Likewise, Timepoint and Depth are not completely independent factors because they include 
repeated measures on the same experimental units (cubes). Sampling at one timepoint or 
depth could thus have affected the next one, either by disturbing soil structure, plant stance, 
or biological activity. This demands hierarchical models that consider Timepoint and Depth as 
the within-Cube factors; and Year and Soil as the between-Cube factors. Random slopes were 
thus added for the Timepoint and Depth effects inside the Cube random factor using (1 + 
Timepoint | Cube) and (1 + Depth | Cube). For the exudate data, only random intercepts were 
used for CER and Cube effects, as MacroRhizons weren’t moved during the whole experiment, 
meaning experimental units were not disturbed between successive samplings.  
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Since the number of observations per population was low, either for root traits than for 
exudates, checking normality and homoscedasticity on raw variables had little utility. Instead, 
model assumptions were checked on the residuals of each LMM as recommended by 
Schützenmeister et al. (2012), and when residuals did not respect such assumptions, 
appropriate transformations were applied to the raw variables (logarithmic, square root, or 
Box-Cox transformations), prior to model refitting. Missing values were added as NAs in the 
datasets to keep the whole experimental structure intact, for the sake of statistical robustness.  
 
Outliers were identified using the interquartile range (IQR) method and were manually 
inspected to see if these stemmed from natural biological variation or from scanning issues, 
which in the latter case were corrected. Otherwise, natural outliers were kept in the dataset 
to avoid modifying the results. In total, 18 samples were missing (out of the 144 = 3 climates 
x 2 soils x 3 timepoints x 2 depths x 4 replicates), because of uneasy soil core extraction. For 
the exudate data, outliers were removed (accounted as NAs) as they could not be manually 
evaluated. Post-hoc comparisons of Year-Soil modalities were then carried out using 
Estimated Marginal Means (EMMeans) to find out differences between modalities (i.e. 
interactions between climates [2013/2068/2085] and soil types [S1/S2]), and similarity letters 
were computed using the Compact Letter Display (CLD) to group significantly close modalities.  
 
Statistical analysis was carried out using R 4.3.3 version (R Core Team, 2024) along with the 
additional packages ‘readxl’ (Wickham et al., 2025), ‘dplyr’ (Müller et al., 2023), ‘car’ (Fox et 
al., 2019), ‘lme4’ (Bates et al., 2015), ‘tidyr’ (Wickham et al., 2024), ‘MASS’ (Ripley et al., 2002), 
‘ggplot2’ (Wickham, 2016), ‘multcompView’ (Piepho et al., 2024), ‘lmerTest’ (Kuznetsova et 
al., 2017), ‘emmeans’ (Lenth, 2024), ‘FactoMineR’ (Josse et al., 2008), ‘factoextra’ (Mundt et 
al., 2020), ‘missMDA’ (Josse et al., 2016), and ‘RVAideMemoire’ (Herve, 2025).  
 
 

5 Results 
5.1 The impact of climate and soil management on wheat yield 

5.1.1 Grain yield and nitrogen content 
 
To assess the qualitative and quantitative yield of grain production, simple linear models were 
fitted on both grain nitrogen content (GNC) and grain yield (GY). ANOVA results revealed a 
significant effect of Year on GNC: plants grown under the 2068 climate showed significantly 
lower GNC compared to 2013, while plants grown under the 2085 climate showed an almost 
significant decrease in GNC compared to 2013 (Table 1; Figure 15, left). In contrast, ‘Year’ had 
no significant effect on GY, whereas the ‘Soil’ factor had a significant impact:  grain yield 
differed significantly between S1 and S2 under the 2085 climate (Table 1; Figure 15, right).  
 
 
 
 
 

Table 1: p-values for the effects of Year and Soil on  
grain nitrogen content (%N) and grain yield (t.ha-1) 

Term p.value (GNC) p.value (GY) 

Year 0.033 0.417 

Soil 0.302 0.006 

Year:Soil 0.792 0.177 
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Figure 15: Bar plots showing grain nitrogen content (GNC) and grain yield (t/ha) distribution across Year x 
Soil modalities. Horizontal brackets indicate significant contrasts between climates and soils. 

 
5.1.2 Root & shoot biomasses 

 
To study the impacts of climatic conditions and soil management on resource partitioning in 
wheat, bar plots of root and shoot biomass, as well as root-to-shoot ratio were generated for 
each depth and timepoint. Linear Mixed Models (LMMs) were fitted accordingly, and 
Compacted Letter Display (CLD) were assigned to modalities using Estimated Marginal Means 
(EMMeans), based on Tukey-adjusted post-hoc comparisons (alpha=0.05).  
 
Root biomass was significantly lower in climate 2085 compared to other climates at both 
depths (p-value:…) (Figure 16). No significant differences in root-to-shoot ratio were observed 
across modalities, although a timepoint effect was found (p-value = 8.69e-05), with a reduced 
ratio value at the flowering stage (t2) (data not shown). 
 

Figure 16: Root Dry Weight (in mg) across years and soil types by timepoints for the two soil depths: upper 
(left) and lower (right). Bars represent means, and only the upper half of the standard deviations is shown 
(Mean + SD). CLD letters indicate statistically different groups. 
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5.2 The impact of climate and soil management on wheat root traits  
5.2.1 PCA analysis – Root System Architecture  

 
First, a Principal Component Analysis (PCA) combining root trait parameters, root crown data, 
and root weight was conducted to summarize the multivariate structure of wheat’s RSA. This 
PCA required to impute missing values for root crown data at lower depths – as these ones 
were naturally missing – which may have affected the PCA results. This imputation was done 
in an iterative process, using the imputePCA() function from the missMDA package (Josse et 
al., 2016). Caution is thus required when interpreting the following findings.  
 
Below is depicted the first factorial plane (PC1 vs. PC2) of the computed PCA (Figure 17). Only 
three components were considered statistically significant, with three components having 
eigenvalues exceeding the unit significance threshold (Appendix 9.7 & 9.8). Nevertheless, 
since the third component explains only 8.4 % of the total variance, compared to 44.6% for 
PC1 and 24.4% for PC2, only the two first components will be retained for ease of 
interpretability. The second factorial plane is provided for information in Appendix 9.9.  
 

 
Figure 17: PCA plot for the first factorial plane (PC1 & PC2). First diameter range represents the diameter 
class [0–0.09] mm; the second, diameter class [0.09–0.18] mm; the third, diameter class [0.18–0.26] mm; 
the fourth, diameter class [0.26 mm and above]; Shallow Angle relates to the angular range of [0–30°]; 
Medium Angle to [30–60°]; and Steep Angle to [60–90°]. 

The number of root tips, total root length, network area of broken roots, surface area, the 
four diameter classes, root weight, network area of root crowns and solidity are strongly 
explained by the first principal component (PC1), meaning the latter captures overall root 
system development. Interestingly, average angle orientation and steep angle frequency 
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seem to go against such root proliferation, though not completely (cor = -0.45 and -0.5, 
respectively). Branching frequency per mm and root volume are moderately aligned with the 
first axis (cor = 0.56 and 0.51, respectively), suggesting they don’t share similar variability 
patterns as the former root traits.  
 
Looking at the second principal component, steep, average angle orientation, and crown 
depth contrast with shallow and medium angle frequencies (positively vs. negatively), as well 
as width-to-depth ratio and average and median diameters. Interestingly, maximum width 
goes against width-to-depth ratio. Besides, solidity negatively correlates with PC2 (cor = -
0.39), indicating that roots are more concentrated inside shallower root systems (See 
Appendix 9.12 for the exact meaning of root traits). PC2 thus describes root angle orientation 
with positive values being associated with steeper, and deeper-penetrating root systems while 
negative values point to more horizontally spread and shallower root systems. 
 
Bi plotting both individuals and variables on the first factorial plane and grouping them by Year 
x Soil modality some differential spreading of 95% confidence ellipses can be seen (Figure 18). 
First, we can note a tendency of climate 2068 soils to promote root proliferation by spreading 
on the positive side of PC1, though its soil S1 shows a contracted ellipse, possibly due to 
missing data for this modality. On the other hand, climate 2085 spreads more on the opposite 
side of root proliferation, specifically in the direction of average and steep angle frequencies. 
Climate 2013 expands less its ellipses in specific directions, but its S1 soil appears to support 
shallower root systems, whereas its organic soil S2 is more aligned with steeper root growth.  
 

 
Figure 18: PCA biplot (PC1 vs PC2) of variables and individuals grouped by Year × Soil modalities. Each 
modality is represented by a 95% confidence ellipse. 
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To investigate whether these modalities show a significant different clustering along the first 
two principal components, a Multivariate Analysis of Variance ‘MANOVA’ was run using the 
‘Pillai’ test. This test detects if the centroids’ coordinates of each modality are significantly 
different from each other in relation to the two first dimensions. The results indicated a 
statistically significant difference between modalities (p-value = 0.0053).  
 
To determine which modalities were effectively different from each other, post-hoc pairwise 
comparisons were carried out using a Permutation-based MANOVA test. A Euclidian distance 
matrix was also generated to quantify the distances between group centroids (Appendix 9.11). 
Results showed that S1 of 2068 was statistically different from S2 of 2085, while S1 of 2068 
was almost statistically different from S1 of 2085 (Appendix 9.10). Overall, soils of climate 
2085 are notably distant from those of climate 2068, but they don’t differ inside each climate 
(S1-S2 distance: 0.3 for 2068; 0.4 for 2085). However, soils of climate 2013 are more dissimilar 
to each other (distance = 1.6) (Appendix 9.11 & 9.14). 
 

For further analysis, total root length (TRL), the number of root tips, volume, branching 
frequency per mm, average diameter, root orientation classes, root diameter classes, width, 
depth and width-to-depth ratio will all be retained for descriptive analysis as representative 
root traits from each principal component.  
 

5.2.2 Descriptive analysis on individual RSA traits 
 
To investigate the potential impacts of future climatic conditions and soil management on the 
RSA of wheat plants, bar plots of the above-mentioned root traits were generated to study 
their distribution across Year x Soil modalities, separated by timepoints and depths. Prior to 
this, a general LMM was fitted on TRL, to observe the effects of the different factors on the 
response variable. The results of the Type III ANOVA using Satterthwaite's method are shown 
in Table 2 (Kuznetsova et al., 2017). These results show a strong effect of Depth, and Timepoint 
on TRL (differences are highly significant), while Year has an almost significant effect on TRL 
(p-value = 0.0671) but Soil doesn’t have a significant effect (Table 2).  
 
Given that the factors Year and Soil are the main factors of interest, whereas Depth and 
Timepoint are factors not central to the main hypotheses, separate linear mixed models were 
fitted on root traits for each Timepoint × Depth combination to isolate the effects of Year and 
Soil on the response variables. Care was taken to transform these variables appropriately if 
their residuals did not meet assumptions of normality and homogeneity of variance. In these 
subset models, random slopes were not required anymore, and random intercepts were 
added as (1 | CER) + (1 | Cube). Estimated Marginal Means (EMMeans) and Compacted Letter 
Display CLD were added to identify potentially significant differences 
between Year and Soil effects in each combination (Appendix 9.16).  
 
Globally, no differences were seen across modalities, except for TRL and the numder of root 
tips, which were lower in climate 2085 compared to climates 2013 and 2068 at depth 10-20 
cm (Figure 19 & 20; Appendix 9.16). No differences were seen for the percentages of root 
length in each diameter range, except for range 3 which showed a notably higher frequency 
in S2 of climate 2068 at timepoint t2 and depth 0-10 cm (Appendix 9.16). Visually, we can note 
a slightly higher frequency of fine diameters (ranges 1 & 2) in S2 compared to S1.  
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Factor p_value Significance 

Year 6,71E-02 . 

Soil 1,50E-01 ns 

Depth 6,71E-12 *** 

Timepoint 5,20E-11 *** 

Year:Soil 3,25E-01 ns 

Year:Depth 1,66E-03 ** 

Soil:Depth 3,47E-01 ns 

Year:Timepoint 8,76E-05 *** 

Soil:Timepoint 6,20E-01 ns 

Depth:Timepoint 4,02E-01 ns 
Table 2: p-values for the different factors and interaction terms from the linear mixed model run on 
log-transformed total root length (TRL_log). Only two-way interaction terms were kept in this table 
while the three- and four- way interaction terms were excluded to enhance interpretability of the 
results and focus on the most relevant effects. Significance levels are marked as follows: ‘***’ for 
p<0.001; ‘**’ for p<0.01; ‘*’ for p<0.05; ‘.’ for p<0.1 and ‘ns’ for not significant. 

 

Figure 19: bar plots showing Total Root Length (TRL) across years and soil types (S1 = conventional, S2 = 
organic), segregated between timepoints, and depths (left: 0-10 cm and right: 10-20 cm). Bars represent 
means, and only the upper half of the standard deviations is shown (Mean + SD). Groups sharing the same 
letter prove to not be statistically different from each other. 
 

Figure 20: bar plots showing the number of root tips across years and soil types (S1 = conventional, S2 = 
organic), segregated between timepoints, and depths (left: 0-10 cm and right: 10-20 cm). 
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5.3 The effects of Climate and Soil management on of glucose and 
nitrate concentrations patterns in interstitial soil pore water 

 
For the glucose and nitrate data, separate LMMs were run on planted vs. unplanted cubes for 
each type of compounds. The p-values of the corresponding ANOVA tables are shown in Table 
x. Concerning glucose content, the factor ‘Date’ is highly significant in both planted and 
unplanted cubes, just as the interaction terms Year:Date, Soil:Date, and Year:Soil:Date. 
However, Year and Soil don’t have no effect on glucose soil concentration.  
 
The same results are seen for nitrate concentration in planted cubes where the factor Date, 
and its interaction terms Year:Date, Soil:Date and Year:Soil:Date are also significant. The third 
level interaction term could not be tested in unplanted cubes likely due to an insufficient 
number of observations in the datasubset retrieved for unplanted cubes. Results must be 
interpreted with care as a lot of Year x Soil x Date combinations were missing from both 
datasets, meaning p-values might not accurately reflect true significance (Table 3).  
 

Table 3: p-values of the anova results for the LMMs run on planted vs. unplanted cubes, for glucose 
concentration and nitrate concentration, respectively. 

If we look at the evolution of glucose concentration over time across climates and soil types, 
we can observe a great temporal variability, as confirmed by the significant effect of the factor 
‘Date’ (Table 3; Figure 21-26). For some periods, similar concentration patterns are seen for 
the two studied molecules glucose and nitrate across climates, albeit with time lags. To 
investigate the link between glucose and nitrate concentrations, a Pearson correlation test 
was conducted, taking care to meet assumptions of normality and homoscedasticity, and to 
verify the linear relationship between these variables (Appendix 9.17). The results did not 
indicate a high correlation coefficient (r=0.33) between nitrate and glucose concentrations.  
 

New LMMs were fitted including the Planted factor but omitting the Date factor to test 
whether planted cubes showed significant differences compared to unplanted cubes in terms 
of nitrate and glucose contents. It is important to note that omitting the Date factor is delicate 
because of the significant interaction terms Year:Date and Year:Soil:Date which possibly 
indicate a non-existing independent effect of the Year factor (Table 3). Type III ANOVA results 
showed no difference in glucose content between planted and unplanted cubes, whereas 
nitrate content was significantly lower in planted cubes (p = 0.00083).  

  p_planted p_unplanted 

Year 1.17E-01 5.66E-01 

Soil  1.58E-01 8.58E-01 

Date 3.69E-15 8.93E-03 

Year:Soil 3.79E-01 8.74E-01 

Year:Date 2.40E-12 1.21E-01 

Soil:Date 2.04E-05 5.66E-01 

Year:Soil:Date 1.46E-07 NA 

  p_planted p_unplanted 

Year 3.189E-01 1.000E+00 

Soil 1.108E-01 1.000E+00 

Date 7.314E-33 6.804E-16 

Year:Soil 4.549E-01 1.000E+00 

Year:Date 4.912E-07 1.118E-07 

Soil:Date 2.131E-06 1.229E-03 

Year:Soil:Date 3.244E-06 1.733E-02 
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Figure 21: Evolution of glucose concentration in soil interstitial pore water (mg.mL-1) over time for climate 2013, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 

Figure 22: Evolution of glucose concentration in soil interstitial pore water (mg.mL-1) over time for climate 2068, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 

Figure 23: Evolution of glucose concentration in soil interstitial pore water (mg mL-1) over time for climate 2085, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 
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Figure 24: Evolution of nitrate concentration in soil interstitial pore water (mg.mL-1) over time for climate 2013, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 

Figure 25: Evolution of nitrate concentration in soil interstitial pore water (mg.mL-1) over time for climate 2068, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 

Figure 26: Evolution of nitrate concentration in soil interstitial pore water (mg.mL-1)  over time for climate 2085, 
for planted and control cubes. Lines represent soil × planted combinations, and error bars indicate standard 
errors of the means. The number of replicates per modality is comprised between n=1 and n=8. 
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New LMMs comprising the Soil and Year factors only were run separately on both types of 
cubes to check differences between Year x Soil modalities in glucose and nitrate contents for 
each of them. Type III ANOVA results indicated no statistically significant effects 
of Year or Soil on glucose nor nitrate, whether it be in planted nor unplanted cubes. However, 
plotting EMMeans from these LMMs shows slight differences between Soil x Year modalities, 
with glucose and nitrate contents tending to increase under future climates 
(2013<2068<2085), a trend particularly encountered in conventional soils (S1) (Figures 27-28). 
Means and standard errors of nitrate and glucose are available in Tables 4 & 5.  
 

Year Soil Mean ± SE (planted) Mean ± SE (unplanted) 

2013 
S1 0.0231 ± 0.0027 0.0354 ± 0.0048 

S2 0.0177 ± 0.0023 0.0295 ± 0.0035 

2068 
S1 0.0257 ± 0.0043 0.0418 ± 0.0061 

S2 0.0146 ± 0.0025 0.0366 ± 0.0049 

2085 
S1 0.0299 ± 0.0031 0.0253 ± 0.0044 

S2 0.0195 ± 0.0027 0.0476 ± 0.0058 
Table 4: Means and standard errors of glucose concentration (mg/mL) in planted and unplanted 
cubes for each Year x Soil combination.  

 
 
 
 
 
 
 

Table 5: Means and standard errors of nitrate concentration (mg/mL) in planted and unplanted 
cubes for each Year x Soil combination.  

Year Soil Mean ± SE (planted) Mean ± SE ( unplanted) 

2013 
S1 0.138 ± 0.0106 0.1903 ± 0.0188 

S2 0.1264 ± 0.009 0.1767 ± 0.0098 

2068 
S1 0.1658 ± 0.0305 0.2888 ± 0.0345 

S2 0.1468 ± 0.0102 0.3256 ± 0.0257 

2085 
S1 0.2093 ± 0.01459 0.1893 ± 0.01485 

S2 0.168 ± 0.0128 0.307 ± 0.0229 
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Figure 27: Plotted Estimated Marginal Means (EMMeans) of Year × Soil modalities for nitrate 
concentration in planted cubes. Black dots are the EMMeans, while horizontal blue bars show their 95% 
confidence intervals. Red arrows represent pairwise comparisons: overlapping arrows indicate no 
significant difference, while separated arrows suggest statistical significance.  

Figure 28: Plotted Estimated Marginal Means (EMMeans) of Year × Soil modalities for glucose 
concentration in planted cubes. Black dots are the EMMeans, while horizontal blue bars show their 95% 
confidence intervals. Red arrows represent pairwise comparisons: overlapping arrows indicate no 
significant difference, while separated arrows suggest statistical significance.  
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5.4 The impact of climate and soil on microbial biomass carbon 
 
To complement the exudate analysis, Microbial Biomass Carbon (MBC) was also plotted to 
analyze its distribution across Year x Soil modalities, separately for each depth and timepoint. 
LMMs were fitted accordingly and CLD were assigned to modalities using the Estimated 
Marginal Means (EMMeans) with Tukey-adjusted post-hoc comparisons. Modalities sharing 
same letters are not significantly different from each other. MBC differed significantly 
between soils at timepoint t1 and 0-10 cm depth, with organic soils (S2) exhibiting enhanced 
MBC compared to conventional soils (S1). The largest gap between soils is seen in future 
climatic scenario 2085 gap. The dominance of S2 over S1 in MBC is still visible in t2 but not 
anymore in t3. At the 10-20 cm depth, trends are similar but of lower amplitude. Overall, MBC 
is slightly lower at 10-20 cm depth compared to the 0-10 cm depth (Figure 29).  
 

Figure 29: MBC (in µg C/g dry soil) across years and soil types by timepoints and for the two soil depths: 
upper (left) and lower (right). Bars represent means, and only the upper half of the standard deviations is 
shown (Mean + SD). CLD indicate statistically different groups according to Tukey post-hoc comparisons.  

5.5 Probabilistic PCA over RSA, exudation, and yield parameters  
 
A probabilistic Principal Component Analysis (pPCA) was finally run on the overall data 
comprising root traits, nitrate and glucose soil interstitial pore water concentrations, yield 
parameters, and Microbial biomass carbon (MBC). Only two components were retained for 
ease of interpretation. Altogether, these explained approximately 60% of the overall 
variability, which is considered satisfactory. Spearman’s correlations were also computed 
between variables, based on the imputed data from the pPCA (Appendix 9.22).  

 
On one hand, PC1 accounts for the largest share of variance (50%) and is mainly associated 
with belowground traits of root system development and microbial biomass, with high 
positive loadings being observed for the number of root tips (0.33), root dry mass (0.32), 
surface area (0.3), root length of the four diameter classes (±0.3), and microbial biomass 
carbon (MBC: 0.38). This suggest that PC1 represents a gradient of prolific root development 
along with microbial activity. Spearman correlations support these as root traits and microbial 
traits strongly co-correlate (r > 0.90). On the contrary, soil nitrate concentration is negatively 
correlated with PC1, indicating a trade-off between root development and nitrate soil 
concentration in pore interstitial water (Appendix 9.21). 
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On the other hand, PC2 emphasizes on nutritional quality and root crown foraging strategy. 
Notably, it has strong positive loadings for grain nitrogen content GNC (0.32), shallow and 
medium angle frequencies (0.46 and 0.35). However, it negatively correlates with steep angle 
frequency (–0.57), root crown depth (-0.32), and total root length (–0.24). Traits contributing 
to PC2 therefore appear to reflect a superficial foraging strategy that yields nutrient-rich grains 
(Appendix 9.18). Plants grown under the climate 2068 are the most aligned with PC1, while 
plants grown under the 2085 climate show the least correlation with PC1 (Appendix 9.20), 
which meets the previous PCA results detecting an enhanced root proliferation under 2068 
climate and reduced root development under 2085 climate (Figure 16). Climate 2013 displays 
a rather balanced profile and does not expand towards either of the axis.  
 
While the soils under each climate share similar centroid coordinates along the first axis (PC1), 
they differentiate more along the second axis (PC2), with soils S1 systematically taking higher 
values on PC2 than soils S2, suggesting that conventional soils encourage plants to adopt a 
topsoil foraging strategy. However, these differences were not statistically significant, and was 
less pronounced for future climates compared to 2013. Moreover, there is a slight tendency 
of plants grown under future climates to shift from a topsoil foraging strategy to a steeper one 
as climates becomes more extreme, but this trend is very subtle. Although soils of each climate 
don’t differentiate much along PC1, the centroid ellipses of soils S2 soils tend to have higher 
loadings on PC1 than S1 soils, indicating a slightly greater root proliferation in S2 compared to 
S1. This is especially the case for plants grown in 2085 climate (Figure 30; Appendix 9.21).  
 

Figure 30: pPCA biplot (PC1 vs PC2) of variables and individuals grouped by Year x Soil modality. Each 
modality is represented by a 95% confidence ellipse. 
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6 Discussion 
6.1 Climate change and soil management affects wheat yield 

 
Above results indicate significant yield differences of wheat plants grown under future 
climates compared to the present climate: grain nitrogen content was significantly lower in 
2068 and almost significantly lower in 2085 compared to 2013. Within each climate, plants 
grown in S1 showed slightly higher GNC than those in S2, though this difference was not 
significant. Besides, grain yield showed differing responses across soils in future climates: it 
was significantly increased in S1 under both climates 2068 and 2085, while in S2, it was 
increased only in 2068 but decreased in 2085. Within each climate, S1 showed consistently 
higher grain yield than S2, although this difference was significant only in the 2085 climate.  
 
These results are supported by other studies which found that the benefits from elevated 
atmospheric CO2 concentrations on wheat GNC is usually negated by rising temperature and 
changes in rainfall patterns, ultimately resulting in an overall decrease in GNC (Asseng et al., 
2019). Other studies reported an increase of grain yield under temperature and rainfall 
increases, tough this increase leads to a reduced protein content in the grains (Qin et al., 
2023). The fact that plants in S1 showed higher grain yield and GNC than in S2 likely stems 
from the fact that the former received slightly more fertilization (50 kg N·ha⁻¹) compared to 
S2, which is in accordance with a Chinese meta-analysis that found consistent increases in 
wheat grain yield under highly fertilized soils compared to no fertilized soils (An et al., 2024).  
 

6.2 Climate change affects wheat root and shoot biomasses 
 
Belowground, these yield patterns correlated with a significantly reduced root development 
in climate 2085, and a non-significant increase in 2068 compared to the present climate, either 
in terms of root biomass, total root length and number of root tips. The contrasting root 
development responses between climates 2068 and 2085 reflect complex dynamics in root 
system plasticity and adaptation to future climatic conditions, proving how increasing climatic 
extremes do not necessarily induce linear responses in root development nor yield traits. In 
fact, consequences of elevated CO2 on root growth have shown contrasting results, with some 
studies finding an enhanced root growth and some a reduced one (Ainsworth et al., 2025). 
 
Aboveground, shoot biomass was progressively reduced under future climates at the stem 
elongation (t1) and harvest stage (t3), but increased at the flowering stage (t2), showing how 
wheat plants grown in future climatic conditions react differently to climatic extremes at 
different growth stages, investing more in aboveground biomass during reproductive phases 
under future climatic stress. Overall, root-to-shoot ratio tended to decrease with increasing 
climatic scenarios at all timepoints, implying that future wheat plants globally favor shoot 
biomass over root biomass. However, root-to-shoot ratio sometimes increased under climate 
2068, especially in S2 soils, showing how allocation strategies are complex and stage-specific 
according to soil types and climates. Globally, it is acknowledged that elevated atmospheric 
CO2 levels increase plant above-ground biomass, along with root growth (Han et al., 2023). 
Bektas et al. (2023) showed that under optimal conditions, an almost linear correlation is 
observed between root and shoot biomass, which is supported by the positive correlation 
seen between shoot biomass and root proliferation parameters (>0.6), especially with root 
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biomass (0.68). However, such a correlation was seen only under 2068 climate, whereas root 
growth was decoupled from shoot growth in 2085, suggesting a differential allocation strategy 
under stress conditions. Drought conditions appear to favor root development in place of 
shoot, while the contrary happens under increasing temperature and precipitations, even if 
counteracted by elevated CO2 and drought conditions (Seidel et al. 2024). The compound 
effects of future climatic stresses may ultimately lead to an enhanced shoot biomass over 
roots, though this depends greatly on the sensitivity of the wheat cultivar used in the 
experiment (Bektas et al. 2023). In this study, wheat plants adopted an adaptative response 
to the 2068 climate by developing more roots, while this strategy may no longer have been 
viable in 2085, where reduced carbon allocation to roots was needed to be able to maintain 
aboveground photosynthesis and reproductive functions.   
 

6.3 Wheat RSAs are steeper in S2 compared to S1 
 

The first Principal Component Analysis (PCA) on root parameters showed strong positive 
correlations between major root development traits such as TRL, number of root tips, and 
root surface area. However, these were opposed to steep angle frequency, suggesting a trade-
off between steeper root systems and root proliferation, which meets previous studies on 
maize that reported a reduced abundance of  lateral roots in steep rooting systems, rather 
favoring the development of fewer, longer and thinner lateral roots (Lynch, 2019, 2022b).  
 
This is supported by our results which found steep angle frequency was opposed to the root 
length of thicker diameter class (range 4), and correlated more with diameter ranges 1 and 2, 
reinforcing the idea that steeper architectures preferentially favor very fine roots over coarse 
roots. This is supported by the fact that branching frequency – which was most strongly 
associated with the thinnest diameter class (range 1) - was more correlated with rooting depth 
than crown width (0.5 vs. 0.25). Altogether, this suggests that even if root length is reduced in 
steeper root systems, thinner roots are relatively more prevalent than thicker ones, reflecting 
an economic strategy of steep root systems to allocate carbon in a more efficient way by 
favoring finer roots over coarser ones which are more costly to build (Lynch, 2019).  
 
Overall, conventional soils showed an enhanced root crown width compared to soils S2 across 
climates, especially at the stem elongation stage (t1), though this was not statistically 
confirmed. pPCA results also highlighted a slight predominance of shallower root systems in 
S1, compared to the deeper ones in organic soils S2, likely due to the looser topsoil of S1 which 
received more frequent soil tillage compared to S2, and offered optimal root growth in the 
superficial soil layer, though not in the harder and compacted subsoil layers which may have 
imposed mechanical impedance to root growth. Conversely, the better soil structure of S2 
may have offered more favorable conditions to root growth in deeper soil strata, which is 
supported by studies that observed higher topsoil root concentration in intensively managed 
agricultural fields, in contrast to decreased penetration resistance of root growth in soils of 
better structural quality (Correa et al., 2019; Cavalieri-Polizeli et al., 2022). Moreover, a slightly 
higher proportion of fine roots were seen in S2 across all climates, confirming the observation 
of steeper root systems in S2 and its correlation with very fine roots. A possible explanation 
to that could be the result of microbial biochemical signaling in theses soils that contained 
higher MBC, which could have stimulated root branching frequency (Wen et al., 2022; Gonin 
et al., 2023; Galindo-Castañeda et al., 2024).   
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6.4 Glucose and nitrate concentrations increase in soil pore 
interstitial water under future climates, especially in S1 soils.  

 
Soil nitrate concentrations increased under future climates for the two soils 
(2013<2068<2085), with slightly higher concentrations in S1 soils across all climates. 
Unplanted soil cubes consistently showed higher nitrate concentrations compared to planted 
cubes, likely due to the absence of root uptake to deplete them. The linear increase in soil 
nitrate under future climatic conditions possibly points to an enhanced microbial turnover of 
SOM in cause of higher temperatures and CO2 levels, which would render more nitrate 
available in the soil solution, especially if this is coupled with a reduced plant uptake due to 
lower root development. In fact, a negative correlation was seen between nitrate soil 
concentration and root proliferation, proving how nitrate is left in the soil solution when roots 
are not present to absorb it. However, the enhanced root development found in 2068 
contradicts this hypothesis as it still led to enhanced nitrate soil concentration compared to 
2013, suggesting that nitrate accumulation isn't solely due to root uptake failure, but could 
also be due to microbial nitrification or reduced uptake efficiency. 
 
Previous studies support the fact that SOM turnover is enhanced under increased 
temperature conditions, resulting in an increased nitrogen mineralization and nitrate 
availability in soils (Rustad et al., 2001). However, this depends very much on the type of 
ecosystem studied and the nature of SOM degraded, as different forms of SOM are more or 
less accessible to decomposition than others (Davidson et al., 2006). Moreover, increases in 
soil temperature due to climate change enhances the nitrification rate of microbes, and 
nitrate availability, which can lead to poor NUE if not absorbed by roots (Govindasamy et al., 
2023). The higher nitrate concentrations found in S1 could also be explained by their shallower 
root systems, which did not grow deep enough to capture mobile nitrate in deeper soil strata. 
This is supported by the negative correlations of soil nitrate concentration with rooting depth 
(-0.63), compared to a weaker correlation with crown width (-0.27).  
 
Therefore, deeper S2 root systems would tend to absorb more soluble nitrate, and decrease 
nitrate concentration in the soil solution, whereas shallower S1 root systems would not be 
able to capture such mobile nitrate, leading to its accumulation in soil pore water. This is 
supported by a study made on cereal crops which showed that plants adopting steep RSA in 
low-N environments absorbed more nitrate in deeper soil strata (Trachsel et al., 2013). The 
lower nitrate soil concentration found in S2 may as well point to its enhanced SOM, which 
could have slowed the process of SOM decomposition and coordinated better the release of 
soluble nitrogen with plant uptakes, thereby reducing the amount of labile nitrate in the soil 
solution. Moreover, the enhanced MBC found in S2 may have retained nitrogen in more stable 
forms, as is supported by the negative correlation between MBC and soil nitrate (-0.75)  .  
 
Glucose soil concentration also increased under future climates (2013<2068<2085), though 
only in soils S1 as glucose levels stayed stable in S2 across all climates, suggesting a buffering 
capacity of S2 to retain SOM in stable forms, possibly due to its enhanced MBC. Indeed, MBC 
was significantly higher in S2 and remained stable under future climates. Therefore, soil 
microbes may have likely contributed to the formation of persistent SOM via their necromass, 
and stabilized soil organic carbon through the formation of microaggregates, protecting SOM 
from rapid decomposition (Gougoulias et al., 2014b). Soil glucose concentration was also 
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slightly correlated with root proliferation (>0.3), just as with MBC (0.33). MBC was itself 
strongly correlated with root development traits, most particularly with the number of root 
tips (0.97), which possibly indicates root exudation processes in the root tips. However, this is 
uncertain, as unplanted cubes showed higher glucose concentration compared to planted 
cubes, suggesting that soil glucose concentration rather comes from SOM degradation than 
exudation processes. Moreover, glucose concentration was rather associated with thick roots 
of diameter range 4 (0.36) compared to thinner diameter classes (+-0.3), which contradicts 
the hypothesis that glucose concentration comes from root exudation, which in the latter case 
would be associated with thinner root diameters. 
 
The fact that glucose soil concentration increased under future climates supports this idea, as 
microbial turnover of SOM is known to be enhanced under both higher temperatures and CO2 
levels. Indeed, the majority of models on soil C dynamics showed an increased decomposition 
rate of SOM under increasing temperature, even though this is debatable as some organic 
matter forms are more easily decomposed than others (Davidson et al., 2006). Elevated CO2 
levels have also shown to stimulate soil microbial respiration due to increased root exudation 
processes and rhizosphere carbon input from plants, which boost SOM metabolization and 
the release of labile sugars into  the soil solution (van Groenigen et al., 2014; Pellitier et al., 
2022). Therefore, the increased soil glucose concentration seen under future climates could 
result from a complex interaction process between soil, plant, and microbes.  
 

6.5 Impact of RSA on grain yield  
 
Overall, grain nitrogen content (GNC) was slightly negatively associated with root 
development, while the contrary was observed with grain yield. Notably, GNC and grain yield 
did not correlate together (r= -0.36), indicating a possible trade-off between yield quantity 
and quality, which was already observed in previous studies where increases in wheat yields 
penalized final grain protein in a dilution effect (Asseng et al., 2019; de Oliveira Silva et al., 
2020; Ainsworth et al., 2025). Although one might expect that the higher grain yield seen in 
soils S1 would result from an increased root proliferation in those, this was not demonstrated. 
However, higher density of roots was observed in medium root growth angle (0.24), 
potentially explaining why shallower root systems in S1 induced higher grain yield and GNC, 
as these absorbed more nitrate thanks to a relative enhanced root proliferation in the topsoil 
- supported by the negative correlation between nitrate soil concentration and medium angle 
frequency (-0.28). Nevertheless, labile nitrate was still left in the soil solution, increasing the 
risk of nitrate leaching (Michel et al., 2025). Conversely, root systems in S2 appeared to slightly 
buffer the enhanced N mineralization seen under future climates, possibly due to their greater 
rooting depth. However, this did not translate into a higher grain yield nor GNC, suggesting 
that nitrate uptake might have been impaired by other mechanisms, possibly by competition 
for N with soil microbes which were effectively enhanced in S2. This is supported by some 
studies which found that readily made available nitrate by soil microorganisms is immediately 
taken up by them. However, this is nuanced by the facts that these are short-lived compared 
to plants, and that the latter ones are those benefitting from increased SOM turnover in the 
long run (Kuzyakov et al., 2013). This microbial-plant competition for N may partly explain the 
yield reduction in S2 despite deeper rooting. Nevertheless, these processes are also 
counteracted by microbial immobilization, which nuance this (Zak et al., 2000).  
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7 Conclusion and perspectives  
 
This study advances our understanding about the intricate relations between soil abiotic 
factors, Root System Architecture (RSA), rhizosphere processes, and wheat yield under climate 
change. Elevated CO₂ and warming conditions were found to modulate carbon allocation in 
wheat, with an overall trend towards reduced root-to-shoot ratios under future climates, 
though root proliferation showed contrasting results in 2068 and 2085, revealing a non-linear 
plasticity in root development and yield outcomes to escalating climatic stresses.  
 
While deeper RSA traits were predominantly associated with organic soils (S2), these did not 
confer yield advantages. On the contrary, grain yield and nitrogen content (GNC) were higher 
in conventionally managed soils (S1). A plausible explanation for this lies in the enhanced 
microbial activity in S2 soils, which could have induced competition for N between plants and 
soil microbes, highlighting the sometimes-contradictory role of soil microbiota in regulating 
nutrient availability under climate stress. However, the steeper root systems in S2 did help to 
reduce nitrate leaching, pointing to their potential in limiting ecosystem pollution.  
 
A possible solution to ally the needs of maintaining wheat yield with reduced environment 
pollution would be to breed dimorphic wheat ideotypes capable of constructing both 
superficial and deep roots, as proposed by (Lynch, 2019). However, this shouldn’t come at a 
cost of grain yield. Caution is needed when interpreting present findings as these may have 
been  influenced by the cultivar used in the experiment (Bektas et al., 2023). Future research 
is thus needed to decipher the complex interplay in soil-plant-microbes interactions under 
adverse climates using other cultivars, and adapt breeding objectives accordingly. Finally, this 
experiment lacked from enough replicates to draw robust conclusions, underscoring the need 
for long-term field trials with enough replicates to cross-validate these Ecotron-based 
observations, which will be essential to guide sustainable wheat production under CC.  
 

8 Personal contribution  
 
During this master thesis, I had the chance to collaborate with team members of the ‘Plant 
Science’ research axis at the faculty of Gembloux Agro Bio Tech from the ULiège, which gave 
me valuable insights into the study of root systems and the practical cues related to it.  
Although I did not participate in the active sampling of root soil cores, plant aboveground 
biomass, nor soil interstitial pore water - which were performed prior to the start of my thesis 
by my co-promotor Jennifer Michel and former master students Simon Biver and Alice Quenon 
- I was the main person in charge of treating these samples and extract data from them. This 
work could not have been possible without the assistance of Jimmy Bin and Sébastien Cougnet 
who occasional helped me retrieve roots from the soil samples and offered me important 
information concerning the use of the flatbed scanner and crown imaging setup. Regarding 
the quantification of glucose and nitrate concentrations in soil interstitial pore water, I 
received practical support from Jennifer Michel and useful tips from Sok Lay. Additionally, I 
benefited from theoretical advice from my statistical teacher Yves Brostaux throughout the 
data analysis phase, as well as the continuous support of my co-promoters Jennifer Michel 
and Pierre Delaplace who provided me crucial feedback on my work. Lastly, the root data I 
obtained contributed to the writing of two research articles within the BIOFAIR project. 
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9 Appendices  
9.1 Historical management of soil S1 (50°38’35.1474”N, 4°37’22.0123”E) 
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9.2 Historical management of soil S2 (50°39’12.8668”N, 4°38’10.7664”E) 
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9.3 Soil physical, biological and chemical properties for both S1 and S2 
at the onset of the experiment. Sampling depth: 0-20 cm.  

 
Soil parameters S1 S2 

Sand (%) 20.7 7.6 

Silt (%) 67.1 78.8 

Clay (%) 12.1 13.5 

P (mg/100g) 13.6 39.8 

K (mg/100g) 31.2 72.5 

Mg (mg/100g) 8.4 14.7 

Ca (mg/100g) 218.3 534.4 

pH (KCL) 7.4 7.5 

C:N 11.7 10.2 

Mesofauna (na) 36 46 

Water Holding Capacity (% w/w) 53.8 64.2 

dry weight cover crop (g)  350 2645 

Leaves of oak tree (%) 40 0 

Wheat straw (%) 45 40 

Grass (%) 2 40 

ELSE (twigs, weeds…) (%) 8 5 

Raddish (%) 0 10 

Legume (%) 0 5 

 
9.4 Composition of the remaining cover crop litter for soils S1 and S2 at 

the onset of the experiment (expressed in % biomass). 
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9.5 Anthrone test – lab protocol 
 
For the anthrone test, a glucose stock solution of concentration 1 mg/mL was initially prepared 
by dissolving 100 mg of anhydrous glucose into 100 mL Milli-Q® distilled water. This stock 
solution was then diluted to create a series of standard solutions with varying concentrations. 
Specifically, aliquots of 5μL, 50μL, 100μL, 150μL, 200μL, 250 μL, and 500 μL of the stock 
solution were diluted with distilled water to a final volume of 1000 μL, giving glucose 
concentrations of 0.005, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.5 mg/mL. However, these 
concentrations were later adjusted to 0.001, 0.005, 0.01, 0.05, 0.1, 0.15, and 0.2 mg/mL, as 
the initial values were found to be too high compared to the concentrations of the samples 
for which they intended to be a reference.  
 
The anthrone solution was prepared by dissolving anthrone reagent in sulfuric acid to a 
concentration of 0.2%. For the assay, 50 μL of each sample and standard solution were 
pipetted into a 96-well plate, making sure replicates were performed for each sample. Then, 
150 μl of anthrone reagent was added to each well, ensuring handling was performed under 
a fume hood for safety measures.The solutions were thoroughly mixed by pipetting up and 
down 10 times. The plate was then incubated at 100°C for 20 minutes. Finally, it was inserted 
in a Spark® Multimode Microplate Reader (Tecan Trading AG, Männedorf, Switzerland) 
spectrophotometer to measure the absorbance of the solutions. The absorbance values 
obtained from the standard solutions were plotted against the used sugar concentrations to 
get a calibration curve for each plate and determinate the carbohydrate content in each 
sample accordingly, expressed as glucose equivalence (Yemm et al., 1954; Gerwig, 2021).   

 
9.6 Formula used for to calculate the average and median diameters of 

whole root samples based on measurements of their sub-samples.  
 

(“ChatGPT (GPT-4),” 2023).  
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9.7 Screeplot of eigenvalues according to the Kaiser rule  

 
9.8 Statistically significant correlations of root parameters with 

principal components from the PCA 
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9.9 PCA plot on the second factorial plane (PC2 & PC3) 
 

 

 
9.10 Results of the post-hoc pairwise comparisons on the centroids’ 

coordinates of each modality relative to PC1 and PC2.  
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9.11 Euclidian distance matrix of modalities centroids’ coordinates, 
relative to PC1 and PC2.  

 
  2013_S1 2013_S2 2068_S1 2068_S2 2085_S1 2085_S2 

2013_S1 0,0      
2013_S2 1,6 0,0     
2068_S1 1,1 1,3 0,0    
2068_S2 1,3 1,6 0,3 0,0   
2085_S1 2,1 1,3 2,4 2,7 0,0  
2085_S2 2,0 1,6 2,5 2,8 0,4 0,0 

 

 
9.12 Mathematical computation of root traits extracted from a 

scanned image, using RhizoVision Explorer.  
 

Root traits extracted from broken root scans are marked with (*), and those stemming from 
crown root images are marked with (**) (Seethepalli, Dhakal, et al., 2021). 
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9.13 Random effects of the LMM fitted on TRL_log & residual plot 
(taking ID as the experimental unit) 

 

 
9.14 Biplot of each modality centroids with their confidence ellipses 

on PC1 & PC2.  
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9.15 Bar plots showing non-significant effects of Year-Soil on root 
average diameter, crown depth, width, and width:depth ratio 

 

Appendix 9.15.1: bar plots showing root average diameter across years and soil types (S1 = conventional, 
S2 = organic), segregated between timepoints, and depths (left: 0-10 cm; right: 10-20 cm). Bars represent 
means plus standard deviations (Mean + SD). Groups sharing same letters are not statistically different. 
 

Appendix 9.15.2: bar plots showing root crown width (right) and depth (left) across years and soil types (S1 
= conventional, S2 = organic), segregated between timepoints, and depths (left: 0-10 cm; right: 10-20 cm). 
Bars represent means plus standard deviations. Groups sharing same letters are not statistically different. 

 

Appendix 9.15.3: bar plots showing width-to-depth ratio (left) and average root orientation (right) across 
years and soil types (S1 = conventional, S2 = organic), separated by timepoint. Groups sharing the same 
letter prove to not be statistically different from each other. Bars represent means plus standard deviations 
(Mean + SD). Groups sharing same letters are not statistically different. 
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Appendix 9.15.4: Shoot Dry Weight (in mg) and root-to-shoot ratio across years and soil types separated 
by timepoints and soil depths (missing data at t3). Bars represent means plus the upper half of standard 
deviations (Mean + SD). Groups sharing same letters are not statistically different from each other. 
 

 Appendix 9.15.5: Distribution of diameter ranges (normalized by TRL), across Year x Soil modalities, by 
timepoint and depth (left: 0-10 cm and right:  10-20 cm). Diameter range 1 : [0–0.09] mm; Diameter range 
2 : [0.09–0.18] mm; Diameter range 3 : [0.18–0.26] mm; Diameter range 4 : [0.26 mm and above].  
 

Appendix 9.15.6: Distribution of root angles frequencies across Year x Soil modalities, by timepoint. Shallow 
Angle comprises the angular range [0–30°]; Medium Angle [30–60°]; and Steep Angle [60–90°]. 
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9.16 Means, standard error (SE), and significance groupings letters for 
Year and Soil effects on root traits within each combination of 
timepoint and depth. 



 67 
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9.17 Scatter plot between glucose and nitrate soil concentrations  

 
9.18  Loadings of variables on the first two principal components 

from the probabilistic PCA (pPCA).  
 

  PC1 PC2 

Number of root tips (na) 0.334 -0.013 

Branching frequency (mm-1) 0.194 0.017 

Root volume (mm3) 0.176 -0.113 

Surface area (mm2) 0.305 0.055 

Root length – diameter range 1 (mm) 0.306 -0.068 

Root length – diameter range 2 (mm) 0.318 -0.058 

Root length – diameter range 3 (mm) 0.318 0.030 

Root length – diameter range 4 (mm) 0.293 0.098 

Root dry biomass (mg) 0.322 0.018 

Total root length (mm) 0.162 -0.238 

Root crown depth (mm) 0.115 -0.320 

Root crown width (mm) 0.018 0.058 

Shallow angle frequency (%) 0.009 0.461 

Medium angle frequency (%) 0.112 0.352 

Steep angle frequency (%) -0.082 -0.569 

Shoot dry biomass (mg) 0.150 0.001 

Glucose concentration (mg mL-1) 0.020 0.170 

Nitrate concentration (mg mL-1) -0.069 0.052 

MBC (µg C g-1 dry soil) 0.384 0.000 

Grain yield (t ha-1) 0.073 -0.079 

Grain.N (%) -0.033 0.323 
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9.19 Biplot of variables and individuals from the pPCA, grouped by 
Soil with 95% confidence ellipses  

 
9.20 Biplot of variables and individuals from the pPCA, grouped by 

Year with 95% confidence ellipses  
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9.21 Coordinates of ellipse centroids representing Soil x Climate 
modalities along PC1 & PC2 of the pPCA. 

 

Modality Dim.1 Dim.2 

2013.S1 0.038 0.337 

2013.S2 0.049 -0.085 

2068.S1 0.558 0.049 

2068.S2 0.566 -0.108 

2085.S1 -0.662 -0.032 

2085.S2 -0.430 -0.136 
 

 

9.22 Spearman’s correlation plot between variables derived from 
the probabilistic Principal Component Analysis (pPCA). 

 

Red squares indicate positive correlations, while blue squares indicate negative correlations. The intensity 
of the color reflects the strength of the correlation. 
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