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P A R T I : M Y P A S T R E S E A R C H 1.1 GRAND CHALLENGES IN EARTH SYSTEM RESEARCH

At around the time I began to imagine myself becoming an environmental scientist around 1992 the UN Framework Convention on Climate Change, historically known as the the Earth Summit, was being held in Rio de Janeiro. This summit served as the starting block for the first agreement between nations to curb greenhouse gas emissions, known as The Kyoto Protocol. By the time this agreement was signed in 1997 I was already in the 3 rd year of my ecology and environmental sciences undergraduate degree, the atmospheric CO 2 concentration was around 360 ppmv and I had already encountered Professor Paul G Jarvis FRS. I first met Paul on an undergraduate field course at Firbush near Aberfeldy in Scotland. During this field course Paul somehow convinced me to do a 3-day ecology project in a young Sitka spruce plantation set against the tremendous backdrop of Schiehallion, where the mass of the Earth was famously determined in the late 18 th Century. This forest was special, but not because of its proximity to Schiehallion or Paul's country house (!), but rather because it had a large tower that rose out of its canopy carrying with it an instrument that measured variations in the speed of sound. Paul explained that this instrument could help calculate the number of CO 2 and water molecules that moved into and out of the forest over the course of an hour, a day or a season. I was intrigued, as especially at the outset of my project it was not clear to me how with nothing more than a funny tape measure and a treeborer I would eventually estimate the total stock of carbon stored in the above-ground biomass of that plantation 1 let alone relate this to variations in the speed of sound. I would spend the following years of my life exchanging a lot of air with that spruce forest and I finally submitted a PhD in 2003. It took me a long time to develop my understanding of how conifer forests functioned. Being part of the Edinburgh University Biosphere Atmosphere Exchange group helped this process as I was exposed regularly to the latest advances in plant ecophysiology and soil biogeochemical processes in particular photosynthesis, stomatal conductance and soil respiration. With time I gradually became confident in the measurement and interpretation of ecosystem carbon and water feedbacks. With the continuous rise in CO 2 concentrations in the atmosphere it seemed timely back then to continue building my research career trying to understand better biosphere-climate feedbacks. Even now in 2018 the World Climate Research Programme (WCRP) emphasises that this particular field of research is as important today as it was back then during my early PhD years (Fig. 1.1). 1 It was approximately 40 Mg C ha-1 In particular, one of the recurring problems in understanding feedbacks in the carbon-climate system stems from a recurring difficulty the community face in measuring and describing confidently variations in the amount of CO 2 that is captured by an ecosystem via photosynthesis compared to the amount of CO 2 lost by the same ecosystem through the range of natural and/or management processes that can occur. This is because all of our methods measure the net effect of these processes on atmospheric CO 2 across every scale. However, these processes underpin the theoretical framework of current Land Surface Models (LSMs) and are required to predict how the terrestrial biosphere will respond in the future to changes in climate and CO 2 variability. As LSMs are one of the most powerful tools society has to provide guidance on present and future carbon-climate feedbacks, it is important that collectively we make efforts to perform experiments across a range of scales that validate the key processes within the LSM behave as we expect them to compared with current ecosystem function and ideally against experiments that create novel environmental constellations. Such critical evaluation of model performance is necessary to provide the intellectual feedback required to improve the representation of those key processes in LSMs that are highly sensitive to climatic change. However, testing Earth system models against 'reductionist' experiments, although unavoidable is obviously not ideal as scaling phenomenom from the microcosm to the Earth system is fraught with uncertainty especially when feedbacks at increasingly larger scales play a strong and unpredicatable role. On the other hand, validation at larger and longer timescales is equally difficult because independent large-scale datasets are rare and commonly integrate multiple simultaneous processes that can be difficult to attribute to one particular process over another. This grand challenge in Earth system science nicely sets the backdrop to my research over the past 20 years and has compelled me to channel my energy towards the development of tools and techniques that attempt to isolate and trace the key processes of photosynthesis, evapotranspiration and respiration within soil and plant communities. Since early in my PhD this has involved the development of (initially) field and (later) laboratory gas exchange techniques to measure the carbon and oxygen stable isotope fractionations of carbon dioxide and water during photosynthesis, evapotranspiration and respiration at different spatial and temporal scales (Fig. 1.2). Whilst more recently carbonyl sulphide (COS) has been added to my toolbox as an additional tracer that holds a lot of potential to interpret the impact of photosynthesis on the atmosphere when collected routinely over many years or within the bubbles of ice cores. These independent tracers can be used to build 'bridges' within LSMs allowing parallel mass balances to be constructed for each additional tracer. Thus when certain unique parameters common to all tracers within the modelling framework are varied to explore the sensitivity of an Earth system model to this particular parameter, very different responses in for example, the seasonal concentration change in atmospheric CO 2 , CO 18 O and COS can be produced, with one or more of the simulations no longer resembling the atmospheric data (Fig. 1.2). This creates an opportunity to learn something about the optimal range of values for a given parameter in the LSM by deducing which (or set of) parameter values optimises best the pattern and/or magnitude of the seasonal cycle of all tracers simultaneously. Thus by using more tracers regulated by the same processes it should be possible to improve our parameterisation of key processes in carbon cycle models and overcome the problem of insensitivity in present carbon cycle model studies that only validate against atmospheric CO 2 . Unfortunately, this latter approach typically results in models producing the same patterns in atmospheric CO 2 concentrations or net ecosystem CO 2 fluxes for very different process representation and parameterisation. Thus using a multi-tracer approach would be a bold step towards eliminating this problem of equifinality provided we have sufficient understanding about the key processes. Thus in the following chapters I will summarise and highlight a few of the incremental steps I have been making with collaborators over the past 20 years to build knowledge of certain key processes in LSMs whilst in parallel investigating critical gaps in the understanding that currently prevents us from using oxygen stable isotopes and COS routinely in LSMs to constrain carbon-climate feedbacks in large scale atmospheric inversions.

RESEARCH HIGHLIGHTS

As described above at the start of my PhD I began to measure the exchange of CO 2 and water vapour between different ecosystem components and the atmosphere. However, after attending the Stable Isotope Ecology course in Utah (Class of 1999) I decided I wanted to try to measure the carbon and oxygen isotope discrimination of CO 2 exchange in the field using automated branch chambers (Fig. 1.3). Although Paul advised me that this idea would never work, I was convinced it could and promptly initiated a collaboration with Prof. Jon Lloyd at the time working at the Max Planck Institute of Biogeochemistry (Jena, Germany). Together we designed a flask sampling protocol and carried out our first field tests from branch and soil chambers at the Spruce forest in Aberfeldy. Shortly afterwards Dr Ulli Seibt (also a PhD student at the time) joined the experiment to study O 2 and together we made several field campaigns filling flasks with air captured from my chambers as well as simultaneous measurements of how the canopy air space varied over time. I was extremely reassured after the first experiment to see that the large CO 2 fluxes from the spruce trees made it possible to measure discrimination robustly and led to an experimental dataset that both Ulli and I could successfully write up and defend in our theses (Wingate, 2003;Seibt, 2003). As the branch-level data were highly novel at the time we went on to produce 5 peer-reviewed publications together (Seibt et al., 2004;2007;2006a;2006b;Wingate et al., 2007) using the data. Furthermore, I shared the data to make further studies possible especially with Prof. Belinda Medlyn, whom I shared an office with as a PhD student (Ibrom et al., 2006;Lin et al., 2015;Medlyn et al., 2005;2017;2011). Rather than giving an exhaustive account of all the work involved in every paper, in the text that follows I will present a couple of results that were of particular personal interest. Spruce stomata remain open at night | We know that evapotranspiration and photosynthesis (gross primary productivity, GPP) impact the global land water and CO 2 budgets and are currently estimated with considerable uncertainty between 58,000-85,000 km 3 of water yr -1 and between 100-175 PgC yr ) is a challenge. Until recently, g s, night was often measured with conventional porometer gas-exchange techniques, for example using the Li-COR 6400. These porometers can measure CO 2 and H 2 O exchange between the leaf and the atmosphere under a range of conditions. However, at night, vapour pressure deficits are extremely small and water vapour fluxes are often too low to derive accurate measurements of stomatal conductance using this technique [START_REF] Barbour | Nocturnal stomatal conductance and implications for modelling δ 18O of leaf-respired CO 2 in temperate tree species[END_REF]Seibt et al., 2007). Thus very often it was assumed that stomata shut at night so these inconvenient technical limitations would bear little consequence to ecosystem water budget estimations. Nonetheless evidence for the nocturnal opening of stomata is growing and attempts have been made to assess the potential bias in LSM water budgets as a consequence ( . This is because when stomata are open at night an isotopic exchange between the oxygen isotopes of CO 18 O and H 2 18 O in the leaf can occur rapidly (Ogée et al., 2018;[START_REF] Peltier | Carbonic anhydrase activity in leaves as measured in vivo by 18O exchange between carbon dioxide and water[END_REF]. Using the first field data of night-time CO 18 O exchange from Sitka spruce foliage collected with my branch chamber technique, empirical evidence was obtained to support the hypothesis that stomata remained open at night, leading to extremely depleted oxygen isotope signatures in the CO 2 emitted from leaves that labelled the oxygen isotope composition of atmospheric CO 2 (δ 18 O-CO 2 ) in the canopy airspace dramatically (Seibt et al., 2007;2006b) (Fig. 1.4). This nocturnal isotopic exchange was also observed in European Beech and Maritime pine using a similar approach (Seibt et al., 2007;Wingate et al., 2010a) and most recently inspired a recent Marie Curie fellowship project with Dr Teresa Gimeno to revisit nocturnal stomatal conductance (Gimeno et al., 2017). CO 2 is strongly recycled in dense forest canopies | Strong variations in the oxygen isotopic composition of canopy CO 2 are also driven by shifts in the isotope composition of rainfall events in addition to changes in the amount of isotopic enrichment in ecosystem water pools driven by evaporation rates. As mentioned above when CO 2 and water interact they isotopically exchange oxygens. The dense canopy (leaf area index >6 m 2 m -2 ) of the Sitka spruce forest I studied fortuitously lent itself well to the investigation of CO 2 recycling within the canopy air space. The data clearly demonstrated that the oxygen isotope composition (δ 18 O) of leaf CO 2 gas-exchange caused the canopy air space to become increasingly enriched in CO 18 O because of the fast isotopic turnover of CO 2 reactions in leaf water pools and a lack of turbulent mixing at night within the canopy (Seibt et al., 2007;2006b). Thus a strong enrichment in δ 18 O-CO 2 of canopy air was observed in this forest that also dynamically fed back onto the δ 18 O of the soil CO 2 flux (Fig. 1.4). This result had profound implications for the ability to model this particular isoflux correctly at larger scales (Seibt et al., 2006b). Specifically, this would mean that to capture this fast leaf-atmosphere-soil feedback and predict soil isofluxes with ecosystem or Earth system models either a turbulent transfer scheme would be necessary or the implementation of this isotopic feedback on atmospheric CO 2 in the lowest layer of the atmosphere. At the scale of the Earth system this process also contributes to the turnover of CO 18 O molecules in the Earth's atmosphere measured by the atmospheric CO 2 network and calculated using the isotopic waves in the Earth's water composition produced by oscillations in El Nino events. Since my PhD I have been lucky to work with models (and modellers) that have implemented this feedback at different scales.

The importance of day respiration in ecosystem C budgets | As described above the size of GPP is large and highly uncertain. To estimate this flux the partitioning of gross photosynthetic and respiratory CO 2 fluxes during the day commonly relies on a relationship derived from the net ecosystem exchange of CO 2 (NEE) and air temperature measured at night [START_REF] Wehr | Seasonality of temperate forest photosynthesis and daytime respiration[END_REF]. Assuming this nocturnal relationship can be used to predict the rate of respiration from an entire ecosystem during the day, the amount of gross photosynthesis can be calculated adopting a mass balance approach and using the NEE measured during the day. However, reconciling this convenient mass balance approach with leaf scale respiration studies and stable isotope theory indicated that there was potentially an overestimation in the amount of respiration occurring during the day. If so this would lead to an overestimation in the amount of GPP that took place during the growing season.

This problem motivated me to measure the carbon isotope signatures of respired CO 2 (δ 13 C) from ecosystem components as well as the variability in photosynthetic carbon isotope discrimination 13 Δ. Based on the observed δ 13 C signatures of leaf CO 2 uptake, we identified an apparent isotopic fractionation effect, linked to differences in the isotopic composition of the gross CO 2 fluxes of photosynthesis and respiration at dawn and dusk, that had not been described previously. Prior to this it was assumed that the carbon isotope composition of respiration during the day was fuelled by recent assimilates and thus should not cause any net isotope effect [START_REF] Farquhar | On the Relationship Between Carbon Isotope Discrimination and the Intercellular Carbon Dioxide Concentration in Leaves[END_REF]. To interpret this effect, a new version of the classical theory of photosynthetic 13 C discrimination was developed (Wingate et al., 2007). This model was then used to predict over time how the different leaf fluxes varied over several days and how changes in day respiration would affect gross CO 2 fluxes and carbon isotope discrimination estimates at the canopy scale compared to those predicted from nocturnal NEE (Wingate, 2003). Unfortunately, at the time when I conducted my PhD study the only possibilities for measuring CO 2 isotopes in the field were with glass flasks and Isotope Ratio Mass Spectrometry. This limited the amount of data that could be collected and thus my capacity to confirm this hypothesis beyond a few days of stable isotope data. Nonetheless this work was well received by the research community and I was consequently invited to comment on breaking research articles [START_REF] Bathellier | Divergence in δ 13 C of dark respired CO 2 and bulk organic matter occurs during the transition between heterotrophy and autotrophy in Phaseolus vulgaris plants[END_REF] and give talks related to the topic of respiratory metabolism and the partitioning of C fluxes in high impact journals (Wingate, 2008), conferences and workshops (see list of communications). In addition key collaborations with the teams of Professors Nina Buchmann and Alexander Knohl at the ETH in Zurich investigating branch chamber fluxes would also evolve from this research front and resulted in the publication of two further papers on this subject (Gentsch et al., 2014a;2014b) as well as a number of collaborative analyses and review papers with other teams around the world on this topic (Barbour et al., 2011;Werner et al., 2012). On reflection my frustrations with flask sampling constraints during these early PhD years definitely provided ample motivation to automate my chamber techniques, and eventually led me to adopt the new laser spectrometer technologies that were gradually appearing on the horizon. These instruments would measure photosynthetic 13 C discrimination from branches (Wingate et al., 2010b) (Fig. 1.5) and ecosystems [START_REF] Wehr | Seasonality of temperate forest photosynthesis and daytime respiration[END_REF]) at a resolution never measured before and collect data to support the theory that inhibition of canopy day respiration may be significant and highly variable at the ecosystem scale during the growing season. , 2009; 2008b). Again rather than providing an exhaustive account of all the work involved in each of these papers, I will present a couple of key results that were of particular personal interest. ) approximate the global area of wet and moist tropical, temperate and boreal forests combined [START_REF] House | Productivity of Tropical Savannas and Grasslands[END_REF]. The latter forests are regarded as the terrestrial power-houses for atmospheric CO 2 removal, and contain the major reservoirs of global ecosystem carbon in their soils (Luyssaert et al., 2007). However, current LSMs predict that climate could increase the frequency and intensity of droughts, heatwaves, fires and flooding events in temperate and boreal ecosystems potentially contributing to an increase in the global extent of areas with Mediterranean and savannah climates at the expense of temperate and tropical forests. If this occurs CO 2 removal from the atmosphere is likely to be reduced and CO 2 emissions to the atmosphere may be increased (Jarvis et al., 2007). In this context, semi-arid regions have recently been identified as potential drivers of inter-annual variations in atmospheric CO ). This dataset provided further evidence for the hypothesis proposed in (Seibt et al., 2006b), that the previously unknown role of the enzyme carbonic anhydrase (CA) in soils might have a substantial impact on the oxygen isotope composition of CO 2 exchanged with the atmosphere. Carbonic anhydrase is known to be present in microbes, plant roots, fungi and algae, and hypothesised to play a critical role in shaping the magnitude and variability of the oxygen isotope composition of the net soil CO 2 flux over time. This is because the enzyme CA accelerates the isotopic equilibration of oxygen atoms between soil CO 2 and water during the diffusion of CO 2 into and out of the upper soil layers ("atmospheric invasion") without affecting net soil CO 2 fluxes. Using δ 18 O measurements collected on the soil chamber plots set-up in Mitra coupled with a soil CO 2 isotope transport model, we demonstrated that a modest soil water evaporative enrichment and an enhanced CO 2 hydration rate ca. 300 times faster than the uncatalysed rate was needed to simulate the observed isotopic signals and their variability over time (Wingate et al., 2008b). This beautiful data and modelling study compelled me to advance current understanding of how this hydration rate enhancement varies between ecosystems and to explore the consequences of this process at larger scales (Wingate et al., 2009).

As part of my research trying to understand how climate change might affect primary productivity and ecosystem function I quickly appreciated that it was extremely important to maintain records of plant life cycle events. This is because the growth of new leaves every year is clearly signalled in atmospheric CO 11). In addition when this data is combined with a biochemical model of reflectance and radiative transfer in canopies, changes in important leaf traits can be detected in plant canopies. For example, differences in the concentration of secondary metabolites notably tannins between the crowns of different plant species and over time can be detected within the crowns of temperate European species such as Ash and Oak (Plaza-Aguilar et al., 2018). This technique can also provide valuable information on soil and vegetation responses to management practices such as mowing, harvesting and soil preparation in agricultural systems and may also provide a tool for the early detection of were all sampled at flux sites where I knew it would be possible to obtain co-located climate and flux data that could drive and help validate MuSICA simulations. Again the idea was to draw from multiple independent datastreams that could be used to obtain unique insights on carbon allocation dynamics over past growing seasons and provide indications on the sensitivity of the different parameters linked to the carbon and water cycle in the model. In addition this work had the potential to resolve an ongoing problem about knowing when within the growing season a particular section of wood within an annual ring was deposited i.e substituting position with time. In fact this problem became the central focus of a number of my early research proposals most notably to the INRA CR Blanc concours in 2011 and the ERC call in 2008. Luckily I successfully obtained my permanent position with this project but did not have as good luck with the starting grant! Despite the lack of funding we still managed to combine a novel modelling and multi-proxy approach that can precisely date (to within ~10 days) when and at what rate carbohydrates are deposited in wood cellulose over the season opening up the possibility to reconstruct detailed weather events within tree ring chronologies and potentially changes in growing season length in the past (Fig. 1.12). This work so far has involved close collaborations within INRA including with Jérôme Ogée, Didier Bert, Cathy Lambrot and Jean-Christophe Domec and James Rolfe from the Godwin Lab in Cambridge. Furthermore, this topic has resulted in me co-supervising a PhD student (Mr Yann Cochet, Bordeaux Idex in co-tutelle with l'Université Laval) investigating the impact of elevated CO 2 and nitrogen fertilisation on tree-ring intra-annual density and stable isotope signals, in addition to supervising 3 MSc students on the topic. Furthermore, as grasses and moss bank deposits also exhibit sequential growth patterns the same tools developed for tree rings can be applied to interpret peat and grassland function in the past. For example, we have explored how photosynthesis rates varied in Antarctica over the past 3000 years using moss chrono-sequences with collaborators at the University of Cambridge (Royles et al., 2013;2012) and more recently we are collaborating with researchers at the Technical University of Munich interpreting cellulose stable isotope signals in managed grasslands (Hirl et al., in prep). Research on tree ring signals is also set to become more important over the next two years with the recent (or forthcoming) arrival of four postdoctoral fellows, Dr Camille Delvigne in collaboration with researchers from the Université Catholique de Louvain, Drs Adria Barbeta and Paula Martin Gomez, two Bordeaux IdEx fellows in the team and Dr Koen Hufkens, a Marie Curie Fellow that will start in 2019. Each of them will study stable isotope high-resolution signals in trees to understand better evapo-transpiration and climatic archives in a range of biomes. My hope is now that with a team of researchers growing around me interested in tree ring interpretation I will finally have the opportunity to write up and publish the high-resolution tree ring datasets that I have been collecting over the past 8 years.

As described above I have shown in past studies that the hydration rate of CO 2 in soils is highly variable but always much faster than the uncatalysed rate and can impact the δ 18 O-CO 2 (Wingate et al., 2008;2009;2010). However, utilising δ 18 O-CO 2 as a tracer of soil exchange at the large scale requires a theory that predicts how the spatial and temporal activity of the enzyme carbonic anhydrase varies. This problem motivated me to apply for an ERC Starting Grant (obtained in 2013) and this time the proposal was successful. This allowed me to bring together a great team of young scientists and engineers to address this problem. 

DEVELOPING A MODEL DESCRIBING SOIL COS FLUXES

First attempts to assess the large-scale contribution of soil COS exchange were made by [START_REF] Kettle | Comparing forward and inverse models to estimate the seasonal variation of hemisphere-integrated fluxes of carbonyl sulfide[END_REF] using empirical relationships measured between soil COS uptake, soil water content and temperature derived by [START_REF] Kesselmeier | Controlling variables for the uptake of atmospheric carbonyl sulfide by soil[END_REF]:

F = F 0 Φ w (W )Φ T (T )Φ C (C a ) , ( 1 
)
where F is the modelled net soil-air COS exchange rate (pmol m -2 s -1 ), F 0 is a reference exchange rate, and Φ w (W), Φ T (T) and Φ C (C a ) are parametric functions describing how soil water content (W, in % volume), temperature (T, in K) and ambient COS mixing ratio above the soil surface (C a , in pmol mol -1 ), respectively modify the net COS exchange rate. [START_REF] Kettle | Comparing forward and inverse models to estimate the seasonal variation of hemisphere-integrated fluxes of carbonyl sulfide[END_REF] parameterised their model based on observations from only one soil type, a temperate arable soil, and used a unique value of F 0 across the globe (F 0 = -10 pmol m -2 s -1 ). 

F = k soil F CO 2 , (2) 
where k soil is a proportionality constant that relates the COS flux to heterotrophic respiration (F CO2 , in µmol m -2 s -1 ). This formulation was subsequently implemented in a version of the Simple Biosphere Model [START_REF] Sellers | Comparison of Radiative and Physiological Effects of Doubled Atmospheric CO2 on Climate[END_REF] called SIB3 that estimates how F CO2 varies across the land surface in response to soil water content and temperature [START_REF] Berry | A coupled model of the global cycles of carbonyl sulfide and CO 2 : A possible new window on the carbon cycle[END_REF]. Simulations with this model, using a value of k soil of about -6 pmol(COS) µmol(CO 2 ) -1 , estimated a much stronger sink strength for soils globally than [START_REF] Kettle | Global budget of atmospheric carbonyl sulfide: Temporal and spatial variations of the dominant sources and sinks[END_REF] at -355 GgS yr -1 , highlighting a need for constraints on the contribution of soils to the global COS budget. 3The rationale behind Eq. 1 is mostly based on physical considerations where COS uptake by soils should depend on soil moisture and temperature because these variables act directly on the solubility and transport of COS to the CA reaction sites as well as on the reaction rates themselves (Fig. 2.2). In contrast, the rationale behind Eq. 2 is mostly based on ecological considerations that the uptake of COS should be proportional to the size and activity of the soil heterotroph community that could co-vary with heterotrophic respiration. Until recently these physical and ecological drivers had not been brought together in a unifying mechanistic framework describing COS exchange between soils and the atmosphere.

In 2014, our team set out to revisit these models and previously published datasets and construct a theoretical framework that would describe the patterns in COS fluxes observed across a range of soil types. For this we adopted the theoretical framework previously used to model soil CO 18 O exchange (Wingate et al., 2010a;2009;2008b) and adapted it to describe the production, diffusion and hydrolysis of COS within re-packed soil microcosms (Ogée et al., 2016).

This model was formally presented in a manuscript from our team (Ogée et al., 2016) and described for homogeneous soil columns how the soil COS flux should be related to soil moisture, temperature and microbial biomass according to:

! = -!"#$! ! + ! ! !"# ! ! ! tanh ! !"# !"# ! ( 3a 
)
where B is the solubility of COS in water (m 3 air m -3 water), θ is the soil volumetric water content (m 3 m -3 ), D is the effective diffusivity of COS through the soil matrix, k (s -1 ) is the effective COS hydrolysis rate in soil water, C a is the ambient COS mixing ratio above the soil surface (pmol mol -1 ), ρ b the soil bulk density, z max the soil depth (m) and P represents the soil COS production rate (pmol m -2 s -1 ).

Different formulations relating the effective diffusivity and the soil moisture (and porosity) exist depending on whether the soil is repacked or not [START_REF] Moldrup | Modeling diffusion and reaction in soils: X. A unifying model for solute and gas diffusivity in unsaturated soil[END_REF]. Using only volumetric considerations we argued that the COS hydrolysis rate should be related to microbial biomass as:

! = ! !"#$% + ! ! ! ! ! !"#$% + [CA] !" ! !"# ! ! (3b) 
where k uncat (s -1 ) is the uncatalysed rate of hydrolysis and k cat (s -1 ) and K m (mol m -3 ) are the (community-average) turnover rate and the Michaelis-Menten constant of the enzymatic reaction, [CA] in (mol m -3 ) is the mean CA Despite our intial uncertainties in the mechanism of COS production from soils we decided to investigate how our model framework for the COS hydrolysis and diffusion in soils compared (Eq. 3) against a set of previously published data (Van Diest and Kesselmeier, 2008) assuming that the production term was negligble, a hypothesis that would require further investigation in our future studies. Initial results testing this novel mechanistic approach against soil flux datasets (Fig. 2010a; 2009; 2008b). In addition the model demonstrated clearly the important contribution of soil texture and diffusion in regulating the net COS flux (Fig. 2.4). Interestingly our representation of hydrolysis by CA generally explained the data well indicating that on the soil data we revisited COS production may have played a negligble role in determining the net COS flux.

k cat K m = 1 1+10 -pH in + pK CA , ( 3c 

PARTITIONING THE NET SOIL COS FLUX

As the mechanistic framework describing soil-atmosphere COS exchange was developing we felt it was increasingly important to challenge the various models (Eqs 1, 2 & 3) with new datasets and explore how each additional level of mechanistic complexity added to these models improved the description of patterns in COS exchange observed across a range of soils varying widely in biogeochemical properties. This step is especially necessary if we are to evolve models that can be parameterised robustly for different biomes or soil types whilst retaining a structure that can still be simply implemented in large-scale land surface models. With this in mind our team developed an experimental system to test a number of the hypotheses presented in the models above. However, it became clear that we would need to develop a method to isolate simultaneously COS hydrolysis rates from COS production rates in soils. The first and most convenient method we explored was initially proposed by Whelan et al., 2016 and consisted of measuring net COS fluxes when the soil was moist then allowing the soil to dry out completely. Thereafter, the net COS flux would be re-measured from the exact same dry soils. By drying the soils it was assumed that the activity of CA would be negligble and thus any residual COS flux could be attributed to the production process. However, as it was still not clear whether the source of COS was caused by an abiotic or biotic mechanism we also developed another method that would allow the net COS flux to be partitioned even when soils were humid ( To test these methods I became involved in two separate studies. The first study was conducted by our team in Bordeaux and involved measuring soils collected from a range of biomes and land uses across Europe and Israel (Fig. 2.6). In addition, I also began to collaborate with Drs. Laura Meredith and Mary Whelan on a second study being conducted across a range of sites in the USA and Cambodia. The European soil study partitioned COS production and hydrolysis rates using both approaches described above for dry and moist soils (Kaisermann et al., 2018b) (Fig. 2.7). Whereas the US study only employed the dry soil partitioning approach (Meredith et al., 2018a; 2018b). Results from these two studies first of all indicated that the COS production rates estimated using the two approaches (moist vs dry) were consistent with one another, strongly indicating that soil moisture did not appear to play a significant role in the COS production process (Fig. On the other hand the soil COS hydrolysis rate was very sensitive to soil moisture content. Both datasets from the US and European studies indicated that soil net fluxes were highly variable across biome and land use. Both studies also confirmed that in general COS production rates were relatively smaller than the COS hydrolysis rates measured on the same soils (Fig. To investigate this each of the soils measured in the two studies for COS gas exchange were also analysed for a suite of other soil physical, chemical and biological characteristics. From these datasets we initially found that microbial biomass N was most strongly correlated with the COS hydrolysis rates measured across the 27 European soils whilst COS production rates were most strongly correlated to total soil N content (Figs. 2.7 & 2.9)(Kaisermann et al., 2018b). This was especially apparent at sites conducting in situ fertilisation manipulations such as at the grassland Laqueuille in France or in the Scots pine forests of northern Sweden (Fig. 2.9).

THE IMPORTANT ROLE OF NITROGEN ON THE NET COS FLUX

Our survey results indicated that nitrogen fertilised sites tended to exhibit lower hydrolysis rates than control sites and relatively higher COS production rates in fertilised soils compared to control soils (Fig. 2.9). Overall this tended to reduce the sink strength of soils for atmospheric COS. We tested this further with additional experiments including a fertilisation experiment whereby NH 4 NO 3 was added to sieved and re-packed soils and a greenhouse experiment that consisted of growing sapling trees of different species in the same artificial soils. The lab study on soil microcosms confirmed that N fertilisation always caused COS hydrolysis rates to decrease whilst causing COS production rates to increase reducing the net COS flux significantly (Fig. 2.10). In the greenhouse study we also found that over time as the different plant species grew in the potted soils they differentially changed the inorganic N content of the soils and at the same time the net COS flux (Kaisermann et al., 2018a; in prep). Thus all of these studies indicate that in general changes in the COS hydrolysis and production rates are dependent on the N status of the soil. In addition, the COS response of any particular soil to further additions of inorganic N appears to be dependent on the amount of total inorganic N in the soil prior to fertilisation, such that soils very low in inorganic N tend to exhibit the largest relative change in their component COS fluxes, whilst soils that already contain large amounts of inorganic N are less responsive (Kaisermann et al., 2018a). The causes for these shifts in COS production or hydrolysis rates are not proven as yet. However, at least for the hydrolysis rate it is known that NO 3 -ions are inhibitors of CA activity in wide range of organisms (Del Prete et al., 2015; [START_REF] Peltier | Carbonic anhydrase activity in leaves as measured in vivo by 18O exchange between carbon dioxide and water[END_REF]. This occurs as NO 3

-ions can bind to the active site of CA and thus inhibit enzyme regeneration and putatively COS hydrolysis.

In the case of COS production the mechanism linking the N and S cycling still remains cryptic. However, a recent study by Meredith et al. (2018a) may shed some light on this process. Using a novel metatranscriptomic approach, Meredith et al. (2018a) found that the Q 10 of the COS production rate across a range of soils was strongly correlated to the number of cystine and methionine biosynthesis genes present in soils (Fig. 2.11). These amino acids have been identified previously as COS precursors and can represent a large fraction of the total soil S pool (11-31%) [START_REF] Morra | Production of Thiocysteine (Sulfide) in cysteine amended soils[END_REF]. Thus current interpretation of this experimental finding might indicate that as inorganic N concentrations in soils increases, an increase in S-containing amino acid biosynthesis might be hypothesised. In turn as the concentration of S-containing amino acids increased, the pool of COS precursors would also become larger. Collectively, this would lead to an increased COS production rate as the precursor pools were either abiotically or biotically degraded. Ideally future studies designed to test this hypothesis directly and determine how the size of this precursor pool changes with N additions would present a logical next step. From this body of experimental work presented above a clearer picture is now emerging of the main drivers of soilatmosphere COS exchange. Synthesising all the existing studies that have measured both soil COS production rate and N content (Fig. 2.12), it is now possible to determine a pedotransfer function that will predict soil COS production rates with information on the total N content of a soil and its temperature. The next logical step will now consist of implementing this empirical knowledge to predict the soil-atmosphere exchange of COS across the land surface, however, this will first require knowledge of how soil N content varies across the soil surface. Working with colleagues amongst the carbon cycle research community should help achieve this goal in the near future.

POTENTIAL TO MODEL SOIL COS FLUXES AT THE GLOBAL SCALE

Ultimately my aim will now be to test these newly developed empirical and mechanistic models of soil COS exchange in a COS-enabled global model. In this context we have been working with the MECBETH global model [START_REF] Cuntz | A comprehensive global three-dimensional model of δ 18 O in atmospheric CO 2 : 2. Mapping the atmospheric signal[END_REF] (Fig. 2.13). We initially chose this model to work with, as it is one of the only isotopeenabled models that can also predict the oxygen isotope composition of atmospheric CO 2 . As COS hydrolysis and the oxygen isotope exchange of CO 2 are both catalysed by the same enzyme CA this model was the most logical choice for running model experiments with new theories to provide constraints on the COS and CO 2 mass budgets at large scales. Thereafter, my long-term goal would see the tracer COS become fully inegrated in the current generation of LSMs and used alongside CO 2 to monitor and predict changes in the function of the land biosphere C sink. Finally, with this new understanding we can now start to constrain with more confidence the role of natural and managed soils in the global COS mass balance and in turn reduce uncertainties on the magnitude of COS currently taken up by vegetation. that conferred these plants with an advantage when atmospheric CO 2 concentrations were higher than the present day [START_REF] Franks | Sensitivity of plants to changing atmospheric CO 2 concentration: from the geological past to the next century[END_REF] and in areas where soil organic matter has high C:N ratios with complex secondary metabolites such as lignins or tannins [START_REF] Read | Mycorrhizas in ecosystems[END_REF]. It has been shown that in these conditions EMassociated plants can more readily convert increasing atmospheric CO 2 into above and belowground biomass (Fig 3 .1). In contrast, plants that form symbiotic relationships with arbuscular mycorrhizal fungi (AM), that usually grow in areas where soil organic matter (SOM) and litter C:N ratios are relatively low, tend to respond less readily to increasing CO 2 , unless nutrients are available (Fig. 

P A R T I I I : F U T U R E R E S E A R C H THE ROLE OF EARTH'S MYCELIAL COMMUNITY AND ENZYME

MYCORRHIZAL FUNGI DRIVE LARGE-SCALE CHANGES IN SOIL PH

The relationships between plants and mycorrhizal fungi also impact critical soil processes including soil aggregation [START_REF] Berner | The long-term carbon cycle, fossil fuels and atmospheric composition[END_REF][START_REF] Rillig | Mycorrhizas and soil structure[END_REF]) and chemical weathering rates [START_REF] Berner | The Phanerozoic Carbon Cycle: CO 2 and O 2[END_REF][START_REF] Taylor | Modeling the evolutionary rise of ectomycorrhiza on subsurface weathering environments and the geochemical carbon cycle[END_REF]2012;2009). In particular, the weathering rate of soil minerals such as silicates and carbonates are strongly controlled by soil pH that can be modified by root-fungal symbioses and variations in plant net primary productivity (NPP) [START_REF] Beerling | Ecosystem CO 2 starvation and terrestrial silicate weathering: mechanisms and global-scale quantification during the late Miocene[END_REF][START_REF] Taylor | Modeling the evolutionary rise of ectomycorrhiza on subsurface weathering environments and the geochemical carbon cycle[END_REF][START_REF] Thorley | The role of forest trees and their mycorrhizal fungi in carbonate rock weathering and its significance for global carbon cycling[END_REF]. Current theory posits that, as CO 2 concentrations in the atmosphere continue to build and photosynthetic activity is stimulated, plants should have more available C not only to invest in plant and fungal biomass but also to synthesise more organic acids and enzymes that could acidify soils and enhance soil mineral dissolution [START_REF] Beerling | Ecosystem CO 2 starvation and terrestrial silicate weathering: mechanisms and global-scale quantification during the late Miocene[END_REF][START_REF] Berner | The Phanerozoic Carbon Cycle: CO 2 and O 2[END_REF][START_REF] Read | Mycorrhizas in ecosystems[END_REF][START_REF] Taylor | Biological weathering and the long-term carbon cycle: integrating mycorrhizal evolution and function into the current paradigm[END_REF]. Ectomycorrhizal fungi are known to have a greater capacity than AM fungi to lower soil solution pH in the mycorrhizosphere via the exudation of organic acids, the exchange of protons during N uptake and the increase in belowground respiration degassing more CO 2 in the soil atmosphere [START_REF] Raven | Nitrogen assimilation and transport in vascular land plants in relation to intracellular pH regulation[END_REF] demands reconsideration and a call for novel experimental evidence across temperate managed and natural systems (Beerling et al., 2018). In addition, I would add to this debate that for this CDR mechanism to be efficient there will be a need to understand better the optimal plant-mycorrhizosphere-enzyme composition that promotes the most efficient weathering rates.

WHAT IS THE ROLE OF CARBONIC ANHYDRASE DURING WEATHERING?

The acidification of the mycorrhizosphere is assisted by a suite of enzymes that promote the liberation of essential nutrients from soils whilst at the same time, protecting the micro-organisms from extreme variations in internal pH ( 3.4). However, although CA gene sequences exist in fungal genomes, there is no study reporting expression levels for these genes in the hyphosphere and how this varies with plant productivity and soil weathering. Obtaining empirical estimates of mycorrhizal CA activity is a necessary step to explore its role on the rates of soil acidification, mineral weathering and CO 2 uptake. At the same time this could also help understand some of the functional differences between EM and AM fungal traits and perhaps shed light on the very process of mycorrhization itself. However, although these new estimates of CA activity represent a significant advance in our ability to describe the enzymatic function of soil microbial communities, the current model may under-represent the contribution of mycorrhizal fungi to soil CA activity. This is because our new model is based on empirical evidence from sieved, re-packed soils primarily reflecting the function of bacterial, algal and saprotrophic fungal community members but not mycorrhizal fungi, as it is known that soil disturbance, seiving and mixing is detrimental to mycorrhizal hyphae [START_REF] Jasper | Soil disturbance reduces the infectivity of external hyphae of vesicular-arbuscular mycorrhizal fungi[END_REF][START_REF] Read | Mycorrhizas in ecosystems[END_REF]. Thus there is a need to quantify the CA activity of soils containing 'undisturbed' mycorrhizal hyphae to complete our framework of how soil CA activity varies spatially in different ecosystems. Furthermore, it is currently unknown whether changes in the CA activity of mycorrhizal fungi in response to changes in CO 2 concentrations and net primary productivity will be significant enough to be imprinted on the atmosphere. 

ARE MYCORRHIZAL FUNGI REGULATORS OF ATMOSPHERIC COS?

As described above carbonic anhydrases also catalyse the hydrolysis of carbonyl sulphide (COS) (Protoschill-Krebs and Kesselmeier, 1992) and drive the large seasonal removal of COS from the atmosphere during the summer months of the northern hemisphere (Fig. Recent soil microcosm experiments conducted by members of my team have observed that as the number of fungal 18S gene copies increased on a range of soils there was a significant increase in soil COS uptake and the associated soil CA activity (Fig. 3.6). This indicated that, at least for saprotroph-dominated fungal communities, an increase in fungal abundance led to a stronger uptake of COS from the atmosphere. So far no empirical dataset that quantifies the role of EM or AM fungi on soil-atmosphere COS exchange rates exist. However, based on current knowledge, mycorrhizal COS fluxes are likely an important missing component of the global COS budget. Thus it is now important to establish whether mycorrhizal fungi are strong consumers of COS and whether positive interactions between plant and hyphal biomass production enhance the consumption of atmospheric COS by soils.

PREDICTING THE IMPACT OF FUNGAL CA ON THE ATMOSPHERE

In order to model the impact of hyphosphere CA on atmospheric tracers an estimate of the spatial distribution of AM and EM mycelial networks is required. There is growing evidence that mycorrhizal associations could be 'trait integrators' of above-and belowground community members and function [START_REF] Austin | There's no place like home? An exploration of the mechanisms behind plant litter-decomposer affinity in terrestrial ecosystems[END_REF][START_REF] Fisher | Tree-mycorrhizal associations detected remotely from canopy spectral properties[END_REF][START_REF] Lin | Similar below-ground carbon cycling dynamics but contrasting modes of nitrogen cycling between arbuscular mycorrhizal and ectomycorrhizal forests[END_REF]. For example leaf traits such as C:N ratio and lignin content are intimately coupled with the structure and metabolic activity of belowground decomposer consortia [START_REF] Austin | There's no place like home? An exploration of the mechanisms behind plant litter-decomposer affinity in terrestrial ecosystems[END_REF][START_REF] Lin | Similar below-ground carbon cycling dynamics but contrasting modes of nitrogen cycling between arbuscular mycorrhizal and ectomycorrhizal forests[END_REF]. This coupling may have evolved to ensure that the timing and quality of leaf litter inputs from the 'host' plant favours a particular belowground consortium, tailored to the needs of the host species, particularly nutrient exchange and protection from pathogens [START_REF] Margulis | Symbiotic Planet: A new look at evolution[END_REF][START_REF] Read | Mycorrhizas in ecosystems[END_REF]. In this context a recent study has indicated that remotely-sensed vegetation spectral reflectance indices and canopy growing season length are strongly correlated to mycorrhizal association and can be used to differentiate AM-from EM-dominated forest plots (Fig. 3.7) [START_REF] Fisher | Tree-mycorrhizal associations detected remotely from canopy spectral properties[END_REF]. This study opens up an exciting opportunity to remotely-sense mycorrhizal associations from space and scale fungal-biogeochemical interactions within large-scale models spatially and temporally [START_REF] Soudzilovskaia | Global Patterns of Mycorrhizal Distribution and Their Environmental Drivers[END_REF][START_REF] Taylor | Biological weathering and the long-term carbon cycle: integrating mycorrhizal evolution and function into the current paradigm[END_REF][START_REF] Terrer | Response to Comment on "Mycorrhizal association as a primary control of the CO 2 fertilization effect[END_REF]. However, it is currently not clear how stable these leaf spectral and phenological traits will remain in the face of rising temperatures, drought and atmospheric CO 2 . For example, it is well known that interannual variability in air temperature and drought drive strong variations in the length of the growing season across the Earth's surface [START_REF] Pachauri | Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]Wingate et al., 2008b). . Furthermore, increases in atmospheric CO 2 concentrations may increase leaf C:N ratios and leaf lignin and tannin contents [START_REF] Gifford | The effects of elevated [CO 2 ] on the C:N and C:P mass ratios of plant tissues[END_REF][START_REF] Gill | Nonlinear grassland responses to past and future atmospheric CO 2[END_REF][START_REF] Niklaus | Six years of in situ CO 2 enrichment evoke changes in soil structure and soil biota of nutrient-poor grassland[END_REF][START_REF] Poorter | The effect of elevated CO 2 on the chemical composition and construction costs of leaves of 27 C 3 species[END_REF]. This not only makes leaf litter harder to breakdown, thus favouring EM fungi, but it also protects the plant from increases in insect herbivory also predicted to rise with CO 2 concentrations [START_REF] Currano | Sharply increased insect herbivory during the Paleocene-Eocene Thermal Maximum[END_REF][START_REF] Delucia | Insects take a bigger bite out of plants in a warmer, higher carbon dioxide world[END_REF]. Because tannins reflect wavelengths in 'browner' spectral regions [START_REF] Ferwerda | A bootstrap procedure to select hyperspectral wavebands related to tannin content[END_REF][START_REF] Lehmann | Field Spectroscopy in the VNIR-SWIR Region to Discriminate between Mediterranean Native Plants and Exotic-Invasive Shrubs Based on Leaf Tannin Content[END_REF], leaves may start to appear browner from space in the future if this effect is widespread and CO 2 concentrations and leaf herbivory increase. However, not all plant species synthesise tannins or lignin to the same extent. Many important AM forest species exhibit much lower tannin and lignin contents than EM plants [START_REF] Harrison | The inhibitory effect of oak leaf litter tannins on the growth of fungi, in relation to litter decomposition[END_REF][START_REF] Kubitzki | Phytochemical aspects of angiosperm origin and evolution[END_REF][START_REF] Lin | Similar below-ground carbon cycling dynamics but contrasting modes of nitrogen cycling between arbuscular mycorrhizal and ectomycorrhizal forests[END_REF][START_REF] Mole | The systematic distribution of tannins in the leaves of angiosperms: A tool for ecological studies[END_REF]. Leaf lignin and tannin contents may thus be important leaf traits that could be used to map variations in AM and EM mycorrhizal associations and help develop an improved representation of mycorrhizal fungi and their function in dynamic vegetation and biogeochemical models.

RESEARCH OBJECTIVES AND HYPOTHESES FOR THE FUTURE

Based on the knowledge gaps described above the overall goal of my future research will be to quantify EM and AM fungal CA activity for the first time and characterise how changes in CO 2 levels and N fertilisation can drive changes in fungal CA activity and soil weathering. ! My first hypothesis is that putative CA gene sequences identified in saprotrophic and mycorrhizal fungal genomes can express CA proteins that result in detectable CA activities. Thus it is my aim to measure CA activity and gene expression levels of identified fungi under controlled conditions to test this hypothesis. ! My second hypothesis is that changes in plant productivity and hyphosphere pH are linked to variations in hyphosphere CA activity. By measuring CA activity on a range of inoculated AM and EM tree species with well-developed mycelial networks grown under different CO 2 concentrations I will challenge this hypothesis. ! My third hypothesis is that hyphosphere CA activity will be up-regulated in the presence of silicates in soils.

Measuring hyphosphere CA activity, CA gene expression and pH for a range of AM and EM plant species grown with and without silicate aggregates will test this hypothesis. ! My fifth hypothesis is that leaf lignin and tannin contents and leaf spectral reflectance will vary in a predictive manner with CO 2 levels and EM or AM fungal associations. Meta-analysis of leaf chemical and spectral trait databases alongside manipulation measurements of leaf spectral reflectance and secondary metabolites on a range of plant species will test this hypothesis. ! A final hypothesis is that mycorrhizal fungi influence the global cycles of CO 2 , CO 18 O and COS through variations in their CA activity. A theoretical framework based on soil characteristics, plant traits and biogeochemical understanding will be developed to test this hypothesis.

This modelling framework will improve the representation of plant-fungal relationships in global biogeochemical models describing the C cycle, its associated tracers (CO 18 O and COS) and the role of CA activity in soil weathering. Coupling such models with trait-based algorithms mapping the distribution of EM and AM fungi across the land surface, will provide a ground-breaking framework to predict and monitor changes in the function of the biosphere using atmospheric tracers and spectral signals measured at the Earth's surface.

REALISING THIS RESEARCH OVER THE NEXT 5 YEARS

To achieve this ambitious research project considerable funding and investment will be required. In addition a multi-disciplinary team working in collaboration will need to be constructed. For this reason I have submitted an ERC Consolidator Grant called COSMYCA with the hope that the project will be able to bring together a group of talented researchers and engineers to confront this challenge. Aspects of this research topic could also easily form the basis of a competitive ANR or Regional proposal with vital collaboration envisaged between several INRA research units. This is something I have already began to discuss and build with the researchers and platforms identified in Figure 3.8. This inter-disciplinary project will also draw on national and international expertise putting in place a number of new collaborations (Fig. 3.8). My future research project will aim to build a mechanistic bridge between the research fields of plant and fungal biochemistry, metagenomics, functional transcriptomics, biophysics, geochemistry, soil science, remote sensing, atmospheric physics and atmospheric chemistry. I furthermore believe this project is central to the mission of my host unit ISPA as the project touches many disciplines and is focussed on soil-plant-atmosphere interactions. I believe this research project and collaborative network is poised to make novel and state-of-the-art knowledge and models on topics that are of utmost political and intellectual relevance for today's society. In particular, I feel that this research could help advance our understanding of mineral weathering by trees and crops in temperate regions and help quantify the feasibility of fusing agroecology and geoengineering to reduce the CO 2 and GHG burden in the atmosphere.

STUDENT & STAFF SUPERVISION

Since January 2014 I have been a member of the ECOFUN team at the unit INRA UMR1391 ISPA. Within this new team I mentor a growing team of researchers that include the ERC SOLCA team and a number of Marie-Curie and Bordeaux Idex fellows (Figure 1.2) that study the interactions between water relations and ecosystem functioning. For further details on the research staff and students I have mentored please refer to Appendix II. -Linking photosynthetic activity to the anatomy and stable isotope composition of plants (Fig. 4.3) -Understanding the activity of carbonic anhydrase in leaves and soils and its impact on predicting photosynthesis at large scales (Fig. 4.3) -Using digital cameras to explore the climate-induced variability in phenological transitions and their link to photosynthesis and ecosystem CO 2 exchange (Fig. 4.3) 

RESEARCH FUNDING PROFILE

Over the past ten years I have also sourced independent funding for my research through a number of successful individual fellowships such as the EU-Marie Curie grants either as the fellow or now as the host PI to two Marie Curie and two Bordeaux Idex fellows. Previous to that I also obtained an advanced NERC fellowship to build a team at The University of Cambridge. Since then I have also obtained an EU-funded ERC starting grant that helped establish the ECOFUN ISPA team internationally. 

NATIONAL AND INTERNATIONAL COLLABORATIONS

Since the start of my PhD I have been developing long-lasting and productive collaborations with plant physiologists, soil microbiologists, landscape ecologists, atmospheric chemists and Earth system modellers from across the world. This was facilitated early in my career by working regularly within the framework of large-scale European projects such as EUROFLUX, MIND and CARBOEUROPE investigating biosphere-atmosphere interactions across different ecosystems in Europe. In addition, I have benefitted enormously throughout my career from a number of EU COST Actions in particular SIBAE, where I began to meet the wider research community working with stable isotopes. These early career interactions with the flux and stable isotope community in Europe led very quickly to collaborations in other networks across Australia, Japan and the USA. It is beyond the scope of this document to provide an exhaustive list of my collaborators but I have detailed a number of key past and present collaborators in Appendix IV.

INTERNATIONAL COMMUNICATIONS

Since my PhD I have contributed to a total of 116 oral communications, representing 97 at international workshops and conferences, 17 seminars at research institutes and universities across the world and teaching on 4 different courses. Of those 116 communications I have orally presented 81, of which 51 were invited (Fig. 4.6). In addition I have contributed to the preparation and presentation of 58 further oral communications. A selection of these invited talks are presented below and a comprehensive list of all my oral and poster communications can be found in Appendix V. 

Tracing photosynthetic isotope discrimination from leaves to soil

The fate of carbon (C) following photosynthetic assimilation is, quite rightly, currently the subject of intense research. The principal reason for this interest is that the rate of C turnover in ecosystems feeds back into the global C cycle, where anthropogenic emissions increase CO 2 concentrations by an estimated 10 Gt every year (IPCC, 2007). While this constant addition of CO 2 is currently compensated in part by the biosphere acting as a net sink for the globe, there is an urgent need to understand how different ecosystems will respond under changed environmental conditions. Predicting the rates of C turnover in ecosystems requires a good understand-ing of C assimilation, allocation and respiration in plants and soil, in order to inform process modelling. However, despite abundant research into respiration, we still lack a fundamental understanding of the way in which C moves through the plant-soil-atmosphere continuum. In this issue of New Phytologist, Wingate et al. (2010b, pp. 576-589) make use of the natural fluctuation in the isotopic composition of assimilated C in order to trace its fate to a number of respiratory fluxes. The approach is both elegant and novel: by continuously measuring the photosynthetic discrimination between the stable isotopes 12 Mencuccini & Ho ¨ltta ¨, 2010). However, rather than simply confirming these results, the authors were able to identify variations in these time lags likely to be linked to phenological phases when there is tight coupling between the supply of fresh photosynthates and respiratory activity in the soil (whether this occurs inside the roots or is carried out by heterotrophic organisms receiving plant C through exudations). Rather than simply showing that C allocation differs during different periods in the growing season (Ho ¨gberg et al., 2010), Wingate et al. (2010b) can identify the exact timing of when a synchronicity between assimilation and belowground respiration occurs and when it does not occur. This suggests that it may not be possible simplistically to use natural abundance 13 CO 2 measurements for short-term partitioning of soil autotrophic and heterotrophic respiratory fluxes in forest ecosystems, especially during periods in which autotrophic respiration is weakly linked to photosynthesis. At the same time, a gradual shift in photosynthetic discrimination over the length of the growing season was detectable in the soil CO 2 efflux signal, and there is considerable potential in using multi-year measurements to derive long-term flux partitioning between autotrophic and heterotrophic sources. Also, such isotope data may improve our ability to model and constrain both contemporary and historic global C transfers, making more widespread measurements of isotope specific C fluxes in ecosystems throughout the world a realistic and exciting prospect. We now await similar, comparative studies on different vegetation types (e.g. C 3 and C 4 ) and biomes.

New Phytologist

'The technical obstacles to this are colossal, but then the same would have been said about fast 13 C measurements in the past.'

Methodologically, this study marks a new step in the use of fast-response isotope spectrometers. Previous work has explored the potential of using tuneable diode laser absorption spectrometers (TDLASs) in ecological research [START_REF] Bowling | Tunable diode laser absorption spectroscopy for stable isotope studies of ecosystem-atmosphere CO 2 exchange[END_REF][START_REF] Griffis | Feasibility of quantifying ecosystem-atmosphere (COO)-O-18-O-16 exchange using laser spectroscopy and the flux-gradient method[END_REF], and clearly demonstrated that there are novel areas in which it can be applied. Other studies have provided new insights into the isotope exchange of ecosystems [START_REF] Griffis | Direct measurement of biosphere-atmosphere isotopic CO 2 exchange using the eddy covariance technique[END_REF], or leaf-level isotope effects [START_REF] Barbour | A new measurement technique reveals rapid post-illumination changes in the carbon isotope composition of leaf-respired CO 2[END_REF][START_REF] Bickford | Highfrequency field measurements of diurnal carbon isotope discrimination and internal conductance in a semi-arid species, Juniperus monosperma[END_REF], but, arguably, Wingate and co-workers (2010b) utilize this analyser to its full capacity by simultaneously sampling from different ecosystem components at high frequency and over the major part of the growing season. This kind of highly resolved isotope flux data from different ecosystem components would have been unthinkable even 5 yr ago, when the application of TDLASs in ecology was in its infancy. To put this in perspective, it would have taken c. 180 yr to obtain the same number of analyses by means of conventional isotope ratio mass spectrometry (IRMS) and off-line sampling. Indeed, the wealth of data generated during this study means that much of the information contained in this data set still remains to be explored. For example, there is a strong possibility that the short-term shifts observed in photosynthetic discrimination can provide new insights into environmental controls and biochemical switches in plant metabolism, and can help to elucidate the balance between stomatal and biochemical regulation of photosynthesis inputs during periods of plant stress. Along with the d 13 C of respired CO 2 , the TDLAS system also supplies information on the d 18 O of respired CO 2 , which provides independent insights into, and constraints on, gross CO 2 flux partitioning at the ecosystem and global scales and provides an additional tracer of plant, soil and ecosystem water cycling (Wingate et al., 2009(Wingate et al., , 2010a)). We look forward to future publications originating from this set of data.

Considering how far this technology has developed in recent years, we also anticipate the next generation of analysers, with no doubt even better accuracy and more frequent time resolution. Even at an order of magnitude below the present frequency of 13 CO 2 analyses, high-frequency analyses of natural abundance 14 C, or the isotopomers of CH 4 and N 2 O, would open new avenues for the exploration of ecosystem C (and nitrogen (N)) dynamics and enable the development of multiple isotope models in plant-soil systems. The technical obstacles to this are colossal, but then the same would have been said about fast 13 C measurements in the past.

In addition to these technological accomplishments, the setting up and maintenance of a multiplexed chamber system with an integrated calibration facility for the TDLAS is far from trivial, and the work presented in this paper results from the combination of considerable skills in mechanical and electronic engineering, programming and data evaluation. Before laser absorption systems capable of discriminating between stable C isotopes in air were available, the transporting of traditional IRMS systems into the field was the only option for real-time monitoring of isotopic abundance. This has been successful in only a few cases [START_REF] Schnyder | Mobile, outdoor continuousflow isotope-ratio mass spectrometer system for automated highfrequency C-13 and O-18 CO 2 analysis for keeling plot applications[END_REF][START_REF] Subke | Short-term dynamics of abiotic and biotic soil 13 CO 2 effluxes after in situ 13 CO 2 pulse labelling of a boreal pine forest[END_REF], and, despite IRMS delivering data of higher accuracy than data obtained by laser absorption, these data are often compromised by the difficulties inherent in taking a mass spectrometer from the comfort of a laboratory, and the necessity of having to operate using small gas volumes with little or no preconditioning. TDLAS systems offer a more field-applicable option for such measurements, and while technical advances in recent years have simplified such high-frequency measurements, the implementation of this method, as in the Wingate et al. (2010b) paper, is no mean feat. With other fast-response cavity-ringdown-based isotope analysers becoming available, we are likely to see more applications of real-time monitoring of isotope fluxes. As the maintenance requirements of such systems are reduced, through greater sophistication in signal processing, there is the real possibility that, in existing CO 2 flux monitoring systems (chamber-based as well as atmospheric flux systems) within the FLUXNET network, the fast-response CO 2 analyser will be complemented or replaced by an isotope version, adding a new dimension to the existing monitoring data bases.

Wingate et al. (2010b) also clearly show the limitations of using photosynthetic discrimination as a marker to trace the fate of assimilates in plant-soil systems. Unlike the situation for photosynthesis, where isotopic discrimination caused by enzyme-specific affinities and physical diffusion parameters are well described and readily modelled, a real lack in our understanding of the isotopic effects that occur during respiration is exposed. While 'respiration' is generally treated as a uniform process at the plant organ scale by ecophysiologists, it is well known that, at the mitochondrial scale, there is a suite of processes that result in CO 2 release [START_REF] Barbour | Stable carbon isotopes reveal dynamics of respiratory metabolism[END_REF]. As the glucose molecule has a systematic isotopic bias within its intramolecular distribution of C atoms (Wingate, 2008), and different respiratory pathways 'attack' specific parts of the C backbone of the
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 12 Figure 1.2 |Seasonal variations in the atmospheric concentrations of CO 2 and COS alongside the oxygen isotope composition of CO 2 (δ 18 O-CO 2 ). Data adapted from the NOAA CMDL archives.
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 14 Figure 1.4 |Diurnal variations of the δ 18 O of canopy air CO 2 and the soil CO 2 efflux, observed at Griffin forest in Sept. 2000 and July 2001.

Figure 1 . 5

 15 Figure 1.5 |Seasonal variability in measured photosynthetic 13 C discrimination (Wingate et al., 2009).

  Further recognition of my contribution to this technological advance in stable isotope ecology was nicely summarised in a glowing New Phytologist commentary (Subke and Ineson, 2010) (see end of my HDR p87). After my PhD I continued working at the University of Edinburgh and became a postdoctoral fellow in the Forest Ecosystem Physiology Laboratory of Prof. Maurizio Mencuccini. Whilst writing my PhD, Maurizio and I co-authored a successful NERC grant to study the effects of aging on the exchange of CO 2 and water in Scots Pine across Scotland. The original idea was that after I had submitted my PhD I would continue to work on branch gas exchange with the funding from this project. However, Prof. Mencuccini had also recently obtained funding for an EU project called MIND (Mediterranean Terrestrial Ecosystems and Increasing Drought) and I deeply felt that I needed a bit of adventure and to work on a different system with different questions. Luckily Prof. Mencuccini was fine with this and I managed to contribute to both projects. Over the next years I made regular trips to Portugal and installed and co-ordinated a 2.5-yr soil respiration experiment in a Mediterranean oak forest at the Mitra CarboEurope flux site (Fig. 1.6). This brought me into regular contact with many of Europe's leading researchers in the field of!Mediterranean ecophysiology and started my collaboration with Prof. Joao S. Pereira and colleagues at the Instituto Superior de Agronomia (Lisbon). Together we set up an experiment to monitor the changes in soil microclimate and gas exchange within large plot manipulations of rain exclusion or wetting treatments to investigate the impact of precipitation regime on belowground carbon cycling in droughted ecosystems (Fig. 1.6). I was also highly motivated to explore the isotopic soil signals from these droughted ecosystems and initiated further new collaborations with Prof. Jaleh Ghashghaie from the Université Paris-Sud, Paris and Prof. Dan Yakir and Dr Kadmiel Maseyk from the Weizmann Institute for Science, Israel. This work gave me a lot of experience in managing long-term experiments in another country and taught me many fascinating things about the physiology of soil microbes and how they have evolved to survive during drought. The data from my particular experimental work has so far appeared in 5 internationally peer-reviewed articles (Correia et al., 2012; Jarvis et al., 2007; Maseyk et al., 2009; Wingate et al.
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 1618 Figure 1.6 |Soil water manipulation conducted in a Mediterranean oak woodland in Evora, Portugal

Figure 1 . 7 |

 17 Figure 1.7 | Rainfall, daily ecosystem C flux and cumulative ecosystem C flux over 14 months in the Mediterranean forest site Mitra, Evora, Portugal Adapted from Jarvis et al., 2007 Mediterranean regions are important drivers of atmospheric CO 2 variability | The total area of land occupied by Mediterranean and savannah regions (30-35 million km 2 ) approximate the global area of wet and moist tropical, temperate and boreal forests combined[START_REF] House | Productivity of Tropical Savannas and Grasslands[END_REF]. The latter forests are regarded as the terrestrial power-houses for atmospheric CO 2 removal, and contain the major reservoirs of global ecosystem carbon in their soils(Luyssaert et al., 2007). However, current LSMs predict that climate could increase the frequency and intensity of droughts, heatwaves, fires and flooding events in temperate and boreal ecosystems potentially contributing to an increase in the global extent of areas with Mediterranean and savannah climates at the expense of temperate and tropical forests. If this occurs CO 2 removal from the atmosphere is likely to be reduced and CO 2 emissions to the atmosphere may be increased(Jarvis et al., 2007). In this context, semi-arid regions have recently been identified as potential drivers of inter-annual variations in atmospheric CO 2 concentrations[START_REF] Ahlstrom | The dominant role of semi-arid ecosystems in the trend and variability of the land CO 2 sink[END_REF]. However, state-of-the-art LSMs struggle to capture well the coupled dynamics of carbon and water exchange in Mediterranean ecosystems[START_REF] Jung | Uncertainties of modeling gross primary productivity over Europe: A systematic study on the effects of using different drivers and terrestrial biosphere models[END_REF] because of an inability to simulate soil moisture conditions well (e.g. because of overestimation of evaporation and/or transpiration) or are too sensitive to variations in soil moisture. Moreover, because LSMs struggle to capture soil water dynamics well in semi-arid regions predicting the release of CO 2 from soils is a challenge. As shown in Fig.1.7 just a few autumn rain events can have dramatic consequences for the flux of CO 2 from these ecosystems to the atmosphere resulting in considerable reductions in the cumulative C uptake by the ecosystem each year (Fig.1.7).

Figure 1 . 9 |

 19 Figure 1.9 | Variations in the measured and modelled oxygen isotope composition of the soil CO 2 flux assuming either an uncatalysed or catalysed CO 2 hydration rate and isotopic exchange from soil chambers installed at the Mitra site, Evora, Portugal.

  2 concentration records and exerts a strong control on both spatial and temporal patterns of carbon (C) sequestration and water cycling (Keeling et al., 1996; Piao et al., 2008). Hence, for the purpose of understanding patterns and processes controlling C and water budgets across a broad range of scales, there are obvious advantages in creating explicit links between flux monitoring, phenological observation and biogeochemical studies (Ahrends et al., 2009; Baldocchi et al., 2005; Richardson et al., 2007; Wingate et al., 2008a). In 2005 I was extremely lucky to obtain a 4-yr postdoc to develop my phenological understanding of plants as part of the EU project CarboEurope-IP mentored by Prof. John Grace FRSE. Within this new postdoc my brief was to participate to the Forest Synthesis and the Innovation work packages and thus one of my activities involved developing a very simple but effective phenology network across Europe. Although phenology networks have existed in the past this one was novel at the time as it used commercial cameras strategically mounted at long-term experimental flux sites across Europe http://european-webcam-network.net. Since 2005 this digital camera network has grown and has been steadily archiving time-lapse images of European ecosystems that can now be used with novel algorithms to precisely determine the dates of leaf emergence and senescence for different land use types (Fig. 1.10) (Filippa et al., 2016; Mizunuma et al., 2011; 2014; Wingate et al., 2008a; 2015). I have also fostered links with other digital camera networks across the world especially in the USA and Japan (Filippa et al., 2016; Mizunuma et al., 2011; Nagai et al., 2018; Wingate et al., 2008a). As this method consists of simply taking digital images it can be a very powerful technique to communicate the impacts of climate change on biosphere function and crop production to the general public. Consequently this work was featured at a recent INRA exhibition targeting the general public at the Salon de Agriculture in 2016 (https://www.youtube.com/watch?v=RTy1OJRuIXs). First synthesis results from this digital camera network indicate that variations in the Red, Green and Blue (RGB) fraction of images can be extracted routinely and used to identify key dates in canopy structural and physiological events, such as when maximum leaf area is attained and when maximum photosynthesis occurs (Plaza-Aguilar et al., in prep; Wingate et al., 2015). In addition, this work has demonstrated how variations in these colour signals are strongly related to the concentration of photosynthetic pigments in leaves (Fig. 1.
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 110111 Figure 1.10 Map of the digital camera network located at European flux sites http://europeanwebcam-network.net

Figure 1 .

 1 Figure 1.12 Intra-annual variability in the measured and modelled carbon and oxygen isotope composition of cellulose measured in Maritime pine sampled near Bordeaux.

Figure 1 . 13

 113 Figure 1.13 Taxonomic composition associated with CA clusters found in a range of soils (Meredith et al., 2018b)

Figure 2 . 1

 21 Figure 2.1 Representation of the major sources and sinks of COS to the atmosphere

Figure 2 . 2

 22 Figure 2.2 Pre-2016 understanding of soil COS exchange

  )where pH in is the microbial cytoplasmic pH[START_REF] Krulwich | Molecular aspects of bacterial pH sensing and homeostasis[END_REF][START_REF] Slonczewski | Cytoplasmic pH Measurement and Homeostasis in Bacteria and Archaea[END_REF] and pK CA = 7.1 corresponds to the CA response to pH of Arabidopsis thaliana β-CA for CO 2 hydration[START_REF] Rowlett | Kinetic characterization of wild-type and proton transferimpaired variants of β-carbonic anhydrase from Arabidopsis thaliana[END_REF] Sauze et al., 2018). This function was assumed appropriate for two reasons. The first is that most soils tend to be dominated by microbial β-CA (Fig. 2.3) (Elleuche, 2011; Meredith et al., 2018a; Smith et al., 1999) and the second is that Protoschill-Krebs et al. (1996) reported no pH optimum for β-CA extracted from Pisum sativum plants under a range of different pH values, but rather reported a steadily increasing COS consumption between pH 6 to 10. This reported pattern for COS hydrolysis is also consistent with the CO 2 hydration response to pH (Ogée et al., 2016). Nonetheless, this function still remains an uncertainty whilst the absence of experiments evaluating the pK a value for COS persists. In addition, a number of recent soil COS flux studies have also reported that oxic soils are not only sinks for COS, but can also be a source of COS to the atmosphere (Kitz et al., 2017; Maseyk et al., 2014; Rhew, 2015; Whelan et al., 2016). However, the mechanisms for these emissions are not clear. Initially it was thought that COS emissions were being driven directly by variations in soil redox potential and temperature especially in anoxic soils, whilst other studies showed that both temperature and light might be more important drivers of COS emissions in oxic soils[START_REF] Kitz | In situ soil COS exchange of a temperate mountain grassland under simulated drought[END_REF] Rhew, 2015;[START_REF] Whelan | Carbonyl sulfide exchange in soils for better estimates of ecosystem carbon uptake[END_REF]. A few studies also indicated that the rate of COS emission from soils can be described using a simple Q 10 relationship with soil temperature[START_REF] Maseyk | Sources and sinks of carbonyl sulfide in an agricultural field in the Southern Great Plains[END_REF][START_REF] Whelan | Carbonyl sulfide exchange in soils for better estimates of ecosystem carbon uptake[END_REF]. Whilst other studies also indicate a potential abiotic component to this emission linked to changes in light intensity at the soil surface[START_REF] Kitz | In situ soil COS exchange of a temperate mountain grassland under simulated drought[END_REF] Rhew, 2015). However, mechanisms to explain these emissions of COS from oxic soils are currently putative and it remains difficult to prescribe in models how this relationship might vary with soil type or potential COS substrates.

2 . 4 )

 24 showed that the activity of the enzyme carbonic anhydrase (CA) known to catalyse the hydrolysis of COS[START_REF] Kesselmeier | Controlling variables for the uptake of atmospheric carbonyl sulfide by soil[END_REF]; Protoschill-Krebs and Kesselmeier, 1992) was consistent with the range of soil CA activities previously obtained in published CO18 O studies on soils(Wingate et al., 

Figure 2 . 3

 23 Figure 2.3 Distribution of CA classes within 7 different soil metatranscriptomics (% of total CA) (Meredith et al., 2018)

Figure 2 . 4

 24 Figure 2.4 Relationship between observed and predicted COS deposition velocity as a function of soil moisture content for Chinese soil microcosms incubated at different soil temperatures (Ogée et al., 2016).

  Conrad and Meuser, 2000; Kaisermann et al., 2018b) (Fig 2.5).

  2.7) (Kaisermann et al., 2018b).

Figure 2 . 5

 25 Figure 2.5 Relationship between the net COS flux and COS concentration measured in a soil microcosm demonstrating how the slope of this relationship yields an estimate of the hydrolysis rate whilst the production rate is estimated from the net COS flux measured or predicted at a COS concentration = 0 pmol mol -1 (Kaisermann et al., 2018b).

  2.8)(Kaisermann et al., 2018b; Meredith et al., 2018a). The only soils that did not emit detectable COS emissions were those collected from the deserts around Utah(Kaisermann et al., 2018b; Meredith et al., 2018a). Interestingly we also found that the temperature sensitivity of the COS production rate was similar in the two independent studies (mean Q 10 ~2.7 for the dry soil only study (n=20)(Meredith et al., 2018a) and the moist soil experiment (n=27)(Kaisermann et al., 2018b). The temperature response of the soil COS production rate was much larger and more variable than for the COS hydrolysis rate measured on the same moist soils (Q 10 ~1.2 (n=27)(Kaisermann et al., 2018b). Indicating that changes in soil temperature over the course of the day or season would have very different effects on the component fluxes. This also indicated that if soils were becoming droughted over the season often the case in Mediterranean and semi-arid regions they would most likely turn from being net COS sinks during the wet season to net COS emitters as hydrolysis rates decreased and soil temperatures increased. However, it became clear that it was also important to understand from this dataset what underpinned the variability in COS production and hydrolysis rates from site to site.
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 26 Figure 2.6 Spatial distribution of soils measured to assess the spatial variability of soil COS hydrolysis, production and net COS flux (Kaisermann et al., 2018a; 2018b; Meredith et al., 2018a; 2018b).

Figure 2 . 7

 27 Figure 2.7 Comparison of COS production rates measured from dry or moist soils (Kaisermann et al., 2018b)

Figure 2 . 8

 28 Figure 2.8 COS hydrolysis and production rates measured on moist soils (30% WHC) at 18 o C collected from 27 European and Israeli flux sites (Kaisermann et al., 2018b).

Figure 2 . 9

 29 Figure 2.9 Variations in COS hydrolysis, COS production and net COS fluxes from soils collected from control and N fertilised plots in the same ecosystems (Kaisermann et al., 2018a).

Figure 2 . 10

 210 Figure 2.10 Variations in COS hydrolysis, COS production and net COS fluxes from soils collected from control and N fertilised plots in the same ecosystems (Kaisermann et al., 2018).

Figure 2 . 11

 211 Figure 2.11 Patterns of relatedness of S-cycling pathways and ribosomal phenotypes for each sample site PCA of predicted microbial sulphur pathways for each site (Meredith et al., 2018a).

Figure 2 . 12

 212 Figure 2.12 Relationship between the nominal COS production rate at 25 o C with soil N content measured in three independent studies.

Figure 2 . 13

 213 Figure 2.13 Next step to model COS exchange in the atmosphere using the MECBTH model and different fields describing the spatial distribution of microbial biomass, soil pH and soil N content across the land surface.

  ACTIVITY ON GLOBAL ATMOSPHERIC CO 2 , COS AND CO 18 O BUDGETS 3.1 MYCORRHIZAL FUNGI AND THE TERRESTRIAL CARBON SINK As CO 2 steadily accumulates in the planet's atmosphere many ecosystems are readily allocating carbon (C) to biomass whilst others display limited response (Ellsworth et al., 2017; Norby et al., 2017; Terrer et al., 2016). The ability of different ecosystems to store C is intimately coupled to the cycling of key nutrients such as nitrogen (N) and phosphorus (P) in soils facilitated by symbiotic relationships between plants and mycorrhizal fungi[START_REF] Terrer | Mycorrhizal association as a primary control of the CO₂ fertilization effect[END_REF]. Presently it is understood that gymnosperms (~200 Mya) and more recently (~100 Mya) certain angiosperms (Fagales) evolved symbiotic relationships with ectomycorrhizal fungi (EM)[START_REF] Maherali | Mutualism Persistence and Abandonment during the Evolution of the Mycorrhizal Symbiosis[END_REF] 

Figure 3 . 1

 31 Figure 3.1 Growth response of ectomycorrhizal (EM) and arbuscular (AM) mycorrhizal associated plant total biomass to elevated CO 2 and nitrogen fertilisation (adapted from Terrer et al., 2016).

Figure 3 . 2

 32 Figure 3.2 Rate of calcite weathering as soil pH varies with shifts in the dominance of ectomycorrhizae (EM) or arbuscular mycorrhizae (AM) in the hyphosphere community as CO 2 , NPP and leaf C:N increases (adapted from Thorley et al., 2015).

  [START_REF] Hesse | Intracellular pH homeostasis in the filamentous fungus Aspergillus niger[END_REF][START_REF] Krulwich | Molecular aspects of bacterial pH sensing and homeostasis[END_REF][START_REF] Penalva | Regulation of Gene Expression by Ambient pH in Filamentous Fungi and Yeasts[END_REF]; Raven and F. A.[START_REF] Raven | Nitrogen assimilation and transport in vascular land plants in relation to intracellular pH regulation[END_REF][START_REF] Read | Mycorrhizas in ecosystems[END_REF][START_REF] Sanders | Control of intracellular pH. Predominant role of oxidative metabolism, not proton transport, in the eukaryotic microorganism Neurospora[END_REF]. In this respect, the carbonic anhydrases (CA) are a widespread family of metallo-enzymes as described previously (Fig3.4) that play a crucial role in enabling certain phylum of bacteria and fungi to flourish in extreme pH environments (Krulwich et al., 2011; Sauze et al., 2018; Wingate et al., 2009) and potentially enhance the rate of soil mineral weathering (Li et al., 2005; 2008; Müller et al., 2013; Thorley et al., 2014; Wingate et al., 2008b). This is because rapid variations in CA activity can redress imbalances in C supply and pH within cells through the reversible interconversion of H 2 O + CO 2 to HCO 3 -+ H + (Krulwich et al., 2011; Smith and Ferry, 2000). Evidence from a growing number of fungal genome databases indicate that previously identified α-and β-CA gene sequences (and putative homologue genes) exist in a range of fungal species, with β-CAs being expressed in the cytosol and mitochondria of fungi and α-CAs in fungal secretions (Bahn et al., 2007; Elleuche, 2011; Elleuche and Pöggeler, 2009) (Fig.

Figure 3 . 3

 33 Figure 3.3 Summary of how fertilisation with silicate-rich wastes or basalts is hypothesised to improve crop nutrition, CO 2 removal from the atmosphere and ocean alkalinity (taken from Beerling et al., 2018).

Figure 3 . 4

 34 Figure 3.4 Distribution of different CA genes across the fungi. Green boxes represent gene duplications, red crosses represent gene loss events and red triangles represent putative horizontal gene transfers. Tree taken from Elleuche & Poggeler, 2009 and adapted from Hibbett et al. 2007

Figure 3 . 5

 35 Figure 3.5 Variability in 'soil community' CA activity (k iso ) predicted across the land surface (Wingate et al., in prep).

  1.2) (Montzka et al., 2007; Whelan et al., 2018). This seasonal variability in the atmosphere is dominated by the consumption of COS by CA in leaves (Campbell et al., 2017; Gimeno et al., 2017; Sandoval-Soto et al., 2005; Seibt et al., 2010; Whelan et al., 2018). However, an extensive survey of soils conducted by our team and collaborators in Europe and the US has shown that soils also represent an important sink for COS because many micro-organisms contain CAs and can metabolise COS (Kaisermann et al., 2018b; Meredith et al., 2018b; Ogée et al., 2016; Sauze et al., 2017; Whelan et al., 2018). In particular, there is growing evidence that soil fungi are important players of this COS uptake (Bunk et al., 2017; Masaki et al., 2016; Meredith et al., 2018b; Sauze et al., 2017).

Figure 3 . 6

 36 Figure 3.6 Variations in net COS flux and number of fungal (18S) gene copies (adapted from Sauze et al., 2017).

Figure 3 . 7

 37 Figure 3.7 Predicted vs observed percentage of AM associated trees in a suite of 60m plots in 4 research forests located in the USA (adapted from Fisher et al., 2016).

Figure 3 . 8

 38 Figure 3.8 Research teams and infrastructures that I hope to interact and collaborate with on this research project.

Figure 4 . 2

 42 Figure 4.2 Organigramme of the ECOFUN team within the ISPA unit as at 1 st August 2018 names in bold indicate those team mebers supervised by me.

Figure 4 . 3

 43 Figure 4.3 The contribution of supervised research staff and students to my priority research themes

Figure 4 . 5

 45 Figure 4.5 International Network of Co-Authors generated by the Web of Science [2017]

Wingate, L .Figure 4 . 6

 L46 Figure 4.6 Cumulative number of oral communications also highlighting invited contributions.

  C and 13 C, they obtained a continuous 'signal' for the newly assimilated C. This discrimination showed fluctuations from diurnal to seasonal temporal scales, and Wingate et al. (2010b) were able to follow the temporal trends observed during assimilation (which were verified using isotope-specific C assimilation modelling) into respiration fluxes from tree stems and the soil. While previous studies have demonstrated the transmission of the photosynthetic isotope signal within the plant on the basis of intermittent measurements, this study breaks new ground by monitoring C isotope fluxes of assimilation and respiration continuously and over an extended period. This unique data set therefore allows a thorough analysis of the temporal correlation between the isotopic 'signal' from assimilation and respiration terms. The time lags observed, from leaf to stem and soil, are broadly similar to those observed using alternative methods (Ekblad & Ho ¨gberg, 2001; Ho ¨gberg et al., 2008; Subke et al., 2009;
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  -1 [START_REF] Beer | Terrestrial Gross Carbon Dioxide Uptake: Global Distribution and Covariation with Climate[END_REF][START_REF] Welp | Interannual variability in the oxygen isotopes of atmospheric CO 2 driven by El Nino[END_REF]. This uncertainty partly resides in the wide range of techniques used to construct large scale budgets (1) process-based land surface water cycle models[START_REF] Friedlingstein | Climate-Carbon Cycle Feedback Analysis: Results from the C4MIP Model Intercomparison[END_REF][START_REF] Sitch | Evaluation of the terrestrial carbon cycle, future plant geography and climate-carbon cycle feedbacks using five Dynamic Global Vegetation Models (DGVMs)[END_REF]:, (2) remote-sensing approaches using semi-empirical algorithms[START_REF] Frankenberg | New global observations of the terrestrial carbon cycle from GOSAT: Patterns of plant fluorescence with gross primary productivity[END_REF], (3) eddy-covariance flux-based algorithms up-scaled with meteorological data[START_REF] Jung | Global patterns of land-atmosphere fluxes of carbon dioxide, latent heat, and sensible heat derived from eddy covariance, satellite, and meteorological observations[END_REF][START_REF] Keenan | Increase in forest water-use efficiency as atmospheric carbon dioxide concentrations rise[END_REF] or (4) stable isotope approaches using the oxygen and hydrogen stable isotopes of rainfall and terrestrial water pools[START_REF] Jasechko | Terrestrial water fluxes dominated by transpiration[END_REF]. Another source of uncertainty lies in the parameterisation of key processes such as stomatal conductance in models(Medlyn et al., 2011). For example current LSMs tend to ignore stomatal opening in the dark and suffer from a crude description of the mechanisms controlling stomatal opening during drought, leaf development and in response to rising atmospheric CO 2 concentration (Lombardozzi et al., 2017). This is partly because measuring low water fluxes during drought or at night (nocturnal stomatal conductance, g s, night

  2 Using this empirical approach,[START_REF] Kettle | Comparing forward and inverse models to estimate the seasonal variation of hemisphere-integrated fluxes of carbonyl sulfide[END_REF] estimated for the first time a global COS sink from oxic soils of -130 ± 56 GgS yr -1 . More recently, Berry et al. (2013) drew on empirical relationships by Yi et al. (2007) who observed that soil COS uptake seemed to be proportional to the rate of heterotrophic soil respiration:

evidence for a critical link between the capacity of certain ecosystems to sequester more C than others in response to rising CO 2 and mycorrhizal partnership, more studies are required to help implement the underlying mechanisms into current land surface models (LSM) and improve our future climate predictions.

  

	The ability to map variations in belowground
	mycorrhizal activity and biogeochemical cycling
	still represents a major challenge in the modelling
	of Earth system dynamics. This is probably the
	reason why, to date, the role of mycorrhizal
	associations on the future C cycle has not been
	evaluated in any of the IPCC Coupled Model
	Intercomparison Projects [see (Friend et al., 2014)
	for CMIP5 model descriptions and simulations].
	Given the growing

3.1)(Beerling et al., 2011; Read, 1991; Terrer et al., 2016). Based on this simplified EM/AM binary view, some studies suggested that boreal and temperate ecosystems, dominated by plants associated to EM fungi, should be more adapted to stock C in biomass in response to rising CO 2 than tropical regions where AM fungal associations dominate (Beerling et al., 2011; Terrer et al., 2016).

  French Co-ordinator (MC) and Working Group Leader (WG3: Requirements for the development of a future cybernetic web of experimental structures) for the European Cost Action on "Climate-smart forestry in Mountain Regions" CA15226 (http://www.cost.eu/COST_Actions/ca/CA15226) Outreach Salon de Agriculture, Stage de Observation Lycee students, Enseignants dans Labo, Climate Music Project Member of the European Geosciences Union (EGU), American Geophysical Union (AGU), Societe Francaise des Stable Isotopes (SFIS), British Ecological Society (BES), Association of Tree Ring research (ATR) and the INRA-MEM Phytobiome Working Group, SOERE-TEMPO Societe Francaise de la phenology, Young Academy of Europe (YAE) Elected member of the Conseil d'Administration for the Societe Francaise des Stable Isotopes (2017 to present) MIBA (http://www-naweb.iaea.org/napc/ih/MIBA/IHS_MIBA.html) and; IAEA-GNIP (http://www-naweb.iaea.org/napc/ih/GNIP/IHS_GNIP.html).

	Participant of large-scale Earth system networks including:
	ICOS (http://www.icos-infrastructure.eu/);
	FLUXNET (http://daac.ornl.gov/FLUXNET/);
	ESWN (https://eswnonline.org/ );
	BASIN network (http://basinisotopes.org/Home);
	COSANOVA network (http://www.cosanova.org/);
	COSIWAX network (https://botanik.unibas.ch/en/botanical-research-groups/sustainable-land-
	use/projects/cosiwax/);
	IAEA-

In total I have obtained more than €3,462,291 in competitive funding as PI for research and a further €1,765,782 on grants acting as either Co-PI or Work Package leader. For full details on the projects I have co-ordinated or co-authored please refer to Appendix III.

Drought Response and Adaptation of Forests at their southern limiT

  Wingate, L., Seibt, U. and Ogée, J. An isotopic excursion through atmospheric and metabolic signals from conifer forests following a seasonal rhythm. SIBAE-BASIN Stable Isotope Meeting: Isotopes as tracers as ecological change, Tomar, Portugal, 13 th -15 th Mar 2006 (INVITED). Lastly, I have participated actively to a range of different workshops over the years that have exposed me to many new ideas and created an environment to foster new collaborations and concepts for proposals. Through these workshops I have also become aware of the different funding mechanisms available at the national and European scale for bringing researchers together to discuss hot topics within and across different disciplines. Most recently I have also started to organise my own workshops and training events. Please find below a selection of the different workshops I have participated to. " 10 th -14 th June 2013 International Workshop for the INRA Metaprogramme ACCAF |Barsac, France Organiser Jérôme Ogée

	4.12 WORKSHOP PARTICIPATION
	COST ACTION workshop
	" 29-30 th November 2018	Developing sensor netowrks for climate smart forestry	|Bordeaux, France
	Organiser Lisa Wingate		
	Phenology method workshop
	" 6 th -8 th November 2017	SOERE-Tempo Workshop for the phenology	|Bordeaux, France
	Organiser David Alletru and Benedicte Wenden
	ERC application workshop
	" 7 th March 2018	ERC Information, Outreach and Networking Event	|Bordeaux, France
	Organiser Lisa Wingate and Bordeaux Idex
	Mentoring workshop	
	" 7 th March 2018	Mentoring and networking skills for young researchers	|Bordeaux, France
	Organiser Lisa Wingate and Melanie Smith
	Phenology method workshop
	" 6 th -8 th November 2017	SOERE-Tempo Workshop for the phenology	|OHP, France
	Organiser Frederic Jean and Nicolas Delpierre

The significance of xylem hydraulic plasticity for ecological reconstruction

  

	" 15 th -17 th May 2012 European Science Foundation Workshop	|Lötschental, Switzerland
	Organisers Patrick Fonti and Steven Janssen	

Stable isotopes in biosphere-atmosphere-earth system research summer school (INVITED LECTURER)

  

	" 23 rd -27 th Aug 2010 European Science Foundation Cost Action ES806, Workshop	|Gothenburg, Sweden
	Organisers Tobias Rütting	

Stable isotopes in biosphere-atmosphere-earth system research

  23 rd -25 th Sept 2009 European Science Foundation Cost Action ES806, Workshop |Innsbruck, Austria Organisers Daniel Epron and Thomas Wutzler

"

Diurnal-to century-scale controls on soil respiratory fluxes: Towards a new generation of integrated experimental and modelling approaches.

  

	" 21 st -23 rd Sept 2009 ESF Exploratory Workshop	|Innsbruck, Austria
	Organisers Michael Bahn, Markus Reichstein and Ivan Janssens	
	Disentangling abiotic and biotic effects on soil respiration	
	" 12 th -13 th Mar 2007 ESF-funded "SIBAE Workshop"	|Innsbruck, Austria
	Organiser Michael Bahn	

Stable isotopes in dendroclimatology -Current status and future prospects.

  

	" 11 th -16 th Feb 2007 ESF-funded "SIBAE Workshop"	|Potsdam, Germany
	Organisers Gerd Helle and Gerd Schleser	

International workshop on isotopic effects in evaporation. Revisiting the Craig-Gordon model four decades after its formulation.

  3 rd -5 th May 2006 IAEA Workshop |Pisa, Italy Organisers Pradeep Aggarwal, Joel Gat, Roberto Gonfiantini, Jean Jouzel, Piero Manetti and Kazimierz Rozanski

"

Aquaporins -Biophysical and molecular mechanisms for water transport.

  

	" 28 th Feb-1 st Mar 2005	|Turin, Italy
	Organisers Andrea Schubert	

Oxygen isotopes as a tracer linking global O 2 , CO 2 and H 2 O cycles.

  

	" 19 th -22 nd Oct 2004 Joint NSF-ESF-funded BASIN and SIBAE Workshop	|California, USA
	Organisers Diane Pataki and Jim Ehleringer	

Stable isotopic signals of the terrestrial biosphere: linking ecosystem C fluxes to isotopic signals of plant components.

  

	" 18 th -21 st Nov 2003 ESF-funded "SIBAE Workshop"	|Orvieto, Italy
	Organisers Enrico Brugnoli	

Methods for the detection of changes in soil carbon stocks under climate change.

  

	" 29 th -31 st Oct 2003 ESF-funded Workshop	|Edinburgh, UK
	Organisers Franz Conen, Maurizio Mencuccini and Argyro Zerva	

They also considered W to be volumetric, not gravimetric, water content as originally presented in[START_REF] Kesselmeier | Controlling variables for the uptake of atmospheric carbonyl sulfide by soil[END_REF].

[Note that the value for k soil given by[START_REF] Berry | A coupled model of the global cycles of carbonyl sulfide and CO 2 : A possible new window on the carbon cycle[END_REF] in their paper is actually much larger (-120 pmol(COS) µmol(CO 2 ) -1 ) and inconsistent with the results of[START_REF] Yi | Soil uptake of carbonyl sulfide in subtropical forests with different successional stages in south China[END_REF] and the value used in the actual numerical code that was used to produce the results in their study. The value of -6 pmol(COS) µmol(CO 2 ) -1 has been re-estimated here to be consistent with the value used in their global simulations and their total sink strength of -355 GgS yr-1 .] 

Author names listed in blue indicate students and young researchers/engineers under my supervision.

A P P E N D I X V : C O M M U N I C A T I O N S ORAL CONFERENCE AND SEMINAR PRESENTATIONS

P A R T I V : C U R R I C U L U M V I T A E

EDUCATION

Ph.D (2003)

The University of Edinburgh, Edinburgh, Scotland Supervisors :

Prof. Paul Jarvis FRS & Prof. John Moncrieff Subject:

The contribution of photosynthesis and respiration to the net ecosystem exchange and ecosystem 13 C discrimination of a Sitka spruce plantation.

B.Sc. (1998)

The University of Edinburgh, Edinburgh, Scotland Subject:

First Class Honours in Ecology and Environmental Science Thesis:

Calibration of hemispherical photographic and beam transmittance techniques to measure leaf area index distribution in a Picea sitchensis (Bong.) Carr plantation. Identifying the spatial drivers of carbonic anhydrase activity in soils and its impact on soilatmosphere exchanges of CO 18 O and COS With advances in our understanding of respiratory fluxes in all respective areas, a 'system approach' (sensu [START_REF] Barbour | Stable carbon isotopes reveal dynamics of respiratory metabolism[END_REF] to modelling respiration becomes feasible, and holds considerable promise to allow a meaningful partitioning of C pathways in ecosystems. This 'systems approach' extends to the entire plant-soil continuum across terrestrial ecosystems, as it becomes increasingly clear that the processes occurring within plants and within the soil are interdependent and have to be studied together.

PROFESSIONAL EXPERIENCE

Jens-Arne Subke