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The semi-arid ecosystems of the African Sahel play an important role in the global carbon cycle and are among the most sensitive ecosystems to future environmental pressures. Still, basic data of photosynthetic characteristics of Sahelian vegetation are very limited, preventing us to properly understand these ecosystems and to project their response to future global changes. Here, we aim to study and quantify key leaf traits, including photosynthetic parameters and leaf nutrients (Nleaf and Pleaf), of common C3 and C4 Sahelian plants (trees, lianas and grasses) at the Dahra field site (Senegal). Dahra is a reference site for grazed semi-arid Sahelian savannah ecosystems in carbon cycle studies. Within the studied species, we found that photosynthetic parameters varied considerably between functional types. We also found significant relationships between and within photosynthetic parameters and leaf traits which mostly differed in their slopes from C3 to C4 plants. In agreement with the leaf economic spectrum, strong relationships (R²= 0.71) were found between SLA and Nleaf whereby C3 and C4 plants showed very similar relationships. By comparing our data to a global dataset of plant traits, we show that Sahelian plants exhibit higher photosynthetic capacity (Asat) compared to the non-Sahelian vegetation, with values that are on average a fourfold of the global average. Moreover, Sahelian C3 plants showed photosynthetic nutrient use efficiencies that were on average roughly twice as high as global averages. We interpreted these results as the potential adaptation of Sahelian plants to short growing season lengths via an efficient nutrient allocation to optimize photosynthesis during this period. Our study provides robust estimates of key functional traits, but also traits relationships that will help to calibrate and validate vegetation models over this data-poor region.

INTRODUCTION

The African Sahel covers three million km² of land over a latitudinal band between the Sahara desert and tropical Africa. The region is characterized by unimodal annual precipitation ranging from 150 to 700 mm. The semiarid ecosystems of the Sahel are mostly characterized as savannahs, i.e. natural pastures with short grasses, herbaceous perennials, thorny shrubs and few scattered trees dominated by species of the Acacia family and the Adansonia genus (Tagesson et al. 2015a). Studies have recently shown that the semi-arid regions of Africa play an important sink function in the carbon cycle [START_REF] Williams | Africa and the global carbon cycle[END_REF][START_REF] Ciais | The carbon balance of Africa: Synthesis of recent research studies[END_REF][START_REF] Poulter | Contribution of semi-arid ecosystems to interannual variability of the global carbon cycle[END_REF]. Such semi-arid regions were even identified as the main biome driving interannual variability and trends in atmospheric CO2 concentrations [START_REF] Ahlström | The dominant role of semi-arid ecosystems in the trend and variability of the land CO2 sink[END_REF] with very high CO2 exchange fluxes recorded within the Sahelian region [START_REF] Tagesson | Very high CO2 exchange fluxes at the peak of the rainy season in a West African grazed semi-arid savanna ecosystem[END_REF]. Meanwhile, the vast region of the Sahel has been increasingly subjected to climate change. As such, severe drought events have been reported in the 1970s and 1980s [START_REF] Hulme | Climatic perspectives on Sahelian desiccation: 1973-1998[END_REF][START_REF] Foley | Regime Shifts in the Sahara and Sahel: Interactions between Ecological and Climatic Systems in Northern Africa[END_REF], followed by an increase in precipitation since the late 1980s [START_REF] Hulme | Climatic perspectives on Sahelian desiccation: 1973-1998[END_REF][START_REF] Klönne | Drought in the Sahel -global and local driving forces and their impact on vegetation in the 20 th and 21 st century[END_REF]. The observed and projected extreme variability in climate change sparked a debate on the evolution of the Sahelian biomes, with future predictions ranging from a regreening to a desertification of the landscape [START_REF] Claussen | Climate Change in Northern Africa: The Past is not the Future[END_REF][START_REF] Olsson | A recent greening of the Sahel -Trends, patterns and potential causes[END_REF]. The uncertainty surrounding the fate of these ecosystems is extremely alarming, especially regarding their role in the global carbon cycle [START_REF] Ciais | The carbon balance of Africa: Synthesis of recent research studies[END_REF][START_REF] Poulter | Contribution of semi-arid ecosystems to interannual variability of the global carbon cycle[END_REF]) and the importance of ecosystem services for local livelihoods, in addition to a predicted fourfold human population increase by 2100 [START_REF] Gerland | World population stabilization unlikely this century[END_REF]. Dynamic global vegetation models (DGVMs) are key tools to understand and predict ecosystem responses to climate change [START_REF] Prentice | Dynamic Global Vegetation Modeling: Quantifying Terrestrial Ecosystem Responses to Large-Scale Environmental Change[END_REF]. They simulate plant eco-physiological processes and vegetation dynamics that are central to understand the role of vegetation in biogeochemical cycles. Among these processes, leaf photosynthesis and leaf structure have been shown to be the main traits controlling vegetation productivity and growth in DGVMs [START_REF] White | Parameterization and Sensitivit y Analysis of the BIOME-BGC[END_REF][START_REF] Zaehle | Effects of parameter uncertainties on the modeling of terrestrial biosphere dynamics[END_REF][START_REF] Rogers | Improving representation of photosynthesis in Earth System Models[END_REF]. It is therefore important to have correct estimates of photosynthetic parameters and leaf traits, such as the maximum rate of carboxylation (Vcmax25), the maximal photosynthetic electron transport rate (Jmax25), the lightsaturated photosynthesis (Asat), the light-and CO2-saturated photosynthesis (Amax) and the specific leaf area (SLA) if we seek to improve model calibration and robustness. The common practice in DVGM parameterization is to assign a unique parameter set for each plant functional type (PFT), representing multiple species that are sharing the same functional characteristics. This rigid representation does not allow an accurate representation of plant trait variability and vegetation acclimation to climate change. In order to improve this representation, modellers have gradually incorporated well studied [START_REF] Field | The photosynthesis-nitrogen relationship in wild plants[END_REF][START_REF] Evans | Photosynthesis and nitrogen relationships in leaves of C3 plants[END_REF][START_REF] Wright | The worldwide leaf economics spectrum[END_REF][START_REF] Walker | The relationship of leaf photosynthetic traits -V cmax and J max -to leaf nitrogen , leaf phosphorus , and specific leaf area : a meta-analysis and modeling study[END_REF] empirical relationships between photosynthetic parameters and leaf nutrients (leaf nitrogen (Nleaf) and leaf phosphorus (Pleaf)) and/or SLA into DGVMs [START_REF] Ollinger | Net primary production and canopy nitrogen in a temperate forest landscape: An analysis using imaging spectroscopy, modeling and field data[END_REF][START_REF] Kattge | Quantifying photosynthetic capacity and its relationship to leaf nitrogen content for global-scale terrestrial biosphere models[END_REF][START_REF] Xu | Uncertainties in the response of a forest landscape to global climatic change[END_REF]). However, these relationships are still calibrated with data acquired over regions that are not representative of the Sahelian region, which questions the validity of models in this region. Indeed, there is a lack of field observations of photosynthetic parameters in the Sahel, and over Africa in general, leading to poor assessments of these ecosystems and their responses to climate change. For example, in the entire global TRY Plant Trait database (consulted on 29/08/2019), only one study [START_REF] Domingues | Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands[END_REF]) measured photosynthetic parameters of plants occurring at the Sahel, with only two C3 species from the Sahel. This lack of data can potentially mislead interpretation in global studies [START_REF] Wright | The worldwide leaf economics spectrum[END_REF][START_REF] Kattge | TRY -a global database of plant traits[END_REF], and thus introduce large biases in vegetation models. Based on previous studies focussing on fluxtower-data [START_REF] Tagesson | Very high CO2 exchange fluxes at the peak of the rainy season in a West African grazed semi-arid savanna ecosystem[END_REF], photosynthesis data from regions with similar climate conditions [START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF][START_REF] Hinojo-Hinojo | High Vcmax, Jmax and photosynthetic rates of Sonoran Desert species: Using nitrogen and specific leaf area traits as predictors in biochemical models[END_REF]) and model predictions [START_REF] Smith | Global photosynthetic capacity is optimized to the environment[END_REF], high photosynthetic capacities are to be expected in the Sahel region. Additionally, several studies have reported that Nleaf tends to increase with aridity [START_REF] Maire | Global effects of soil and climate on leaf photosynthetic traits and rates[END_REF]Le Bagousse-Pinguet et al. 2016), suggesting that high Nleaf values are common among dryland species. In this study, we aim at quantifying the photosynthetic capacity of Sahelian plants allowing us to verify if this region indeed shows high photosynthetic capacities while contributing with a new dataset for the Sahelian region, including photosynthetic parameters and their relationships with leaf traits. Our study takes place at the flux-tower site of Dahra, Senegal, a site which is used as a reference for grazed semi-arid Sahelian savannah ecosystems in carbon cycle studies (Tagesson et al. 2015a[START_REF] Tagesson | Very high CO2 exchange fluxes at the peak of the rainy season in a West African grazed semi-arid savanna ecosystem[END_REF], in which we tackle four main research questions:

1) What is the dominant photosynthetic pathway (C3/C4) of savannah plant species at Dahra, Senegal?

2) What are the photosynthetic capacities of typical Sahelian PFTs and how do values of photosynthetic parameters (Asat, CO2 compensation point (CO2comp), Amax, Vcmax25, and Jmax25) differ between these PFTs?

3) Do significant relations exist between Asat, Vcmax25 and Jmax25 versus Nleaf, Pleaf and SLA, and between Vcmax25 and Jmax25? 4) Do values of Asat, Nleaf, Pleaf and relations between Asat and leaf nutrients of Sahelian C3 and C4 plants relate to global data? Furthermore, our collection of new field measurements of photosynthetic parameters is essential to improve DGVMs for future predictions of Sahelian savannah growth and ecosystem turning points [START_REF] Kucharik | Testing the performance of a dynamic global ecosystem model: Water balance, carbon balance, and vegetation structure[END_REF][START_REF] Moncrieff | The future distribution of the savannah biome: Model-based and biogeographic contingency[END_REF][START_REF] Guan | Simulated sensitivity of African terrestrial ecosystem photosynthesis to rainfall frequency, intensity, and rainy season length[END_REF].

MATERIALS & METHODS

Study site

The study was carried out at the field site of Dahra, Senegal (15.403°N, 15.432°W), located about 7 km northeast of the town of Dahra, in the Sahelian ecoclimatic zone (Fig. 1). The study site experiences a hot semi-arid climate, with a short rainy season spanning from July to October, resulting in a relatively short growing season. Monthly air temperature ranges between 23.62°C and 31.08°C (for respectively January and May) with a mean annual precipitation of 416mm (1951( -2003( (Tagesson et al. 2015b))). The composition of the vegetation community is a mixture of sparse low trees and shrubs (e.g. Acacia tortilis (Forssk.) Hayne, Acacia senegal (L.) Willd and Balanites aegyptiaca (L.) Delile) summing up to ∼3% of the land cover and further dominated by annual grasses (Tagesson et al. 2015a), which exhibit a short life cycle [START_REF] Mbow | Can vegetation productivity be derived from greenness in a semi-arid environment? Evidence from ground-based measurements[END_REF]) and are strongly dependent on the seasonal rainfall [START_REF] Zhang | Impacts of the seasonal distribution of rainfall on vegetation productivity across the Sahel[END_REF]. The area surrounding the study site is sparsely populated and is grazed by cattle and sheep, while migrating camels from the northern Sahel feed on the leaves of the trees. The Dahra field site is equipped with a meteorological tower with meteorological, hydrological and radiation sensors and a flux tower with an eddy covariance (EC) system for CO2, H2O and energy flux measurement (Tagesson et al. 2015a). The presence of this measurement equipment on site has allowed to investigate land-atmosphere CO2 exchange processes, making this site a reference site for grazed semi-arid Sahelian savannah ecosystems in carbon cycle studies (Tagesson et al. 2015a[START_REF] Tagesson | Very high CO2 exchange fluxes at the peak of the rainy season in a West African grazed semi-arid savanna ecosystem[END_REF]. The latter is also the main reason why this site has been chosen to carry out this study; By recording a first full leaf-level photosynthetic dataset of Sahelian plant species within this reference site, a proper potential upscaling of this reported leaflevel data to the ecosystem-level flux tower data can be made possible. 

Site inventory

In order to identify the most dominant plants present within the study area during the growing season of 2017, we carried out a botanical inventory. With the intention to get a good representation of the vegetation recorded by the flux tower present on site, the inventory has been carried out within a radius of 250m around the flux tower, which on average represents 50% of the fluxtower's footprint (personal communication; Dr. Tobern Tagesson). For all trees present within this area, we determined the tree species and measured height, diameter at breast height (DBH), diameter at stump height (DSH) and liana presence/absence. The tree height was determined using a hypsometer (Forestry Pro, Nikon Co., Ltd, Tokyo, Japan). Additionally, a herb layer inventory was carried in five circular subplots with a diameter of 2 m, randomly placed within the 250 m radius zone. The study area being flat and characterized by a homogenous vegetation [START_REF] Fensholt | Evaluating MODIS, MERIS, and VEGETATION vegetation indices using in situ measurements in a semiarid environment[END_REF], this inventory disposition sufficed to get a good idea of the study site's herbaceous layer composition and to identify the dominant and sub-dominant grasses present within this Sahelian reference site. Based on a percentage cover estimation, the grasses covering more than 5% of the recorded surface were subdivided into two groups being (1) the most dominant grasses (i.e. covering > 15 % of total subplots-surface) and (2) the sub-dominant grasses (i.e. covering 5 to 15 % of total subplots-surface). Leaf gas exchange Leaf gas exchange measurements were carried out in situ, i.e. on the grass or tree leaves without cutting the branches, using a portable photosynthesis system (CIRAS-3, PP-system, Amesbury, MA, USA) equipped with a Universal Parkinson Leaf Cuvette (PLC-3, 18x25mm window). All leaf gas exchange measurements were performed on fully expanded, sunlit leaves. The measurements were carried out on clear sky days between 7h30 and 11h30, during the month of August 2017 which coincides with the first half of the rainy season (July-October) of 2017. For each species identified during the site inventory, being three dominant tree species, one liana species, four dominant grass species and six sub-dominant grass species, we establish photosynthetic light-response (A:PAR) curves and photosynthetic CO2-response (A:Ci) curves. For each tree species and the liana species, we measured three A:PAR curves and three A:Ci curves, each measured on different individuals. For the grasses we measured two A:PAR curves and two A:Ci curves for each species identified as dominant grass species and one A:PAR curve and one A:Ci curve for each species identified as sub-dominant species, all on different individuals. In total, we measured 26 A:PAR curves and 26 A:Ci curves on 52 different individuals of 14 species (Table 1). During the measurements, the cuvette chamber conditions were kept constant and were representative for the actual external microclimate. The cuvette temperature (Tcuv) was controlled to minimize variation in leaf temperature and was set at 38°C, which was slightly above ambient air temperature to avoid condensation problems. The relative humidity was set on the ambient relative humidity (average value of 58.34% (±8.61) over all measurements), and the light distribution on 38/37/25 (red/green/blue), with an air flow rate to the cuvette of 300 cc min -1 , while the analyser flow was set on 100 cc min -1 . Light-response curves were established by measuring net photosynthesis (An) at different photosynthetic active radiation (PAR) levels while maintaining a constant atmospheric CO2 concentration, which was set at 400 ppm. Leaves were first acclimated to 2500 µmol m -2 s -1 of PAR and the light levels were subsequently decreased according to the following light irradiance step sequence: 2250,2000,1750,1500,1250,1000,800,600,500,400,300,200,100,50 and 0 μmol m -2 s -1 . Three measurements were taken at each light level, with a space of 10 seconds between each measurement of the same light level and an acclimation time of 120 seconds between each light level. Photosynthetic CO2-response curves were obtained by measuring An at different CO2 concentrations while maintaining a constant, saturating PAR level. This saturating PAR was determined from preliminary test light-response curves and was 1500 μmol m -2 s -1 . The A:Ci curve started at the ambient CO2 concentration of 400 ppm, and was then first reduced stepwise to 10 ppm, then returned to 400 ppm and thereafter increased to 2000 ppm, to obtain a total of 14 measurements per leaf (CO2 concentrations of 400, 300, 200, 100, 50, 10, 400, 600, 800, 1000, 1200, 1500, 1700 and 2000 ppm respectively). This incremental decline and increase in CO2 concentration ensures that the plant's stomata can properly adapt to changing CO2 concentration and subsequently allows a proper measurement of A:Ci-curves. Three measurements were taken at each CO2 level, with a space of 10 seconds between each measurement of the same CO2 level and an acclimation time of 120 seconds between each CO2 level. Leaf morphology and nutrient analysis For each measured species, a minimum of 24 fully sunlit leaves were sampled, including the leaves used for leaf gas exchange measurements, directly after measurement of response curves. The leaf area of these leaves was determined by photographing the leaves on white paper with a reference scale after which the pictures were processed using free ImageJ software [START_REF] Abràmoff | Image Processing with ImageJ[END_REF]. Afterwards, the leaves were oven-dried at 60°C for 48h and the dry weight was measured. The average specific leaf area (SLA) per species was calculated by dividing the total leaf area of all sampled leaves per species by the total dry mass of these samples. The dried leaves were then ground with a Retsch ZM-200 centrifugal mill with a sieve of mesh width 25μm and set on 14000 rotations per minute (RPM). The ground and homogenised dry mass of leaf samples were then subsequently analysed for carbon (C) and nitrogen (N) content, and for their C stable isotope ratio (δ 13 C) using an elemental analyser (automated nitrogen carbon analyser; ANCA-SL, SerCon, UK), interfaced with an isotope ratio mass spectrometer (IRMS; 20-20, SerCon, UK). Photosynthetic pathway determination C3 and C4 plants are isotopically distinguishable from each other [START_REF] Bender | MASS SPECTROMETRIC STUDIES OF CARBON 13 VARIATIONS IN CORN AND OTHER GRASSES[END_REF][START_REF] Bender | Variation in the 13C/12C ratios of plants in relation to the pathway of photosynthetic carbon dioxide fixation[END_REF][START_REF] Smith | Two Categories of 13C/12C Ratios for Higher Plants[END_REF][START_REF] Leary | Carbon Dynamics in Plants[END_REF]) as C3 plants typically have δ¹³C values of approximately -27.1 ±2.0‰ and C4 plants have δ¹³C values of approximately -13.1+ 1.2 ‰ [START_REF] Leary | Carbon Dynamics in Plants[END_REF]. The photosynthetic pathway of the different studied species were identified by analysing the δ¹³C of leaf samples. Photosynthetic parameters The A:PAR curves were fitted following Fang et al. (2015;Pereira et al., 2013) to derive the following parameters: intrinsic quantum yield (Φ0), light compensation point (lc) and light-saturated photosynthesis (Asat). The standardised dark respiration values (R25) were calculated following S. Von Caemmerer (2000) (Q10 = 2.46). Photosynthetic parameters (i.e. Amax, Vcmax25, Jmax25 and CO2comp) were derived from A:Ci curves separately for C3 and C4 plants. For C3 plants we used the Farquhar-Berry-von Caemmerer (FBvC) model of leaf photosynthesis implemented in the R package 'plantecophys' (Duursma, 2015). Model parameters were then standardized to 25°C using Arrhenius-type equations implemented in this package. For C4 plants, photosynthetic parameters were derived from A:Ci curves following Zhou et al. (2017). Every measured response curve was fitted separately.

Comparing with global data

We compared our observations with data originating from the global dataset described by [START_REF] Wright | The worldwide leaf economics spectrum[END_REF] and two other independent studies: [START_REF] Domingues | Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands[END_REF], [START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF]. We compared estimated parameter values of Asat, Nleaf and Pleaf as well as the leaf nutrient-Asat scaling relationships, giving an indication on photosynthetic nutrient use efficiency [START_REF] Simioni | Leaf Gas Exchange Characteristics and Water-and Nitrogen-Use Efficiencies of Dominant Grass and Tree Species in a West African Savanna Author ( s )[END_REF]), of our study with those of above-mentioned studies. [START_REF] Wright | The worldwide leaf economics spectrum[END_REF] collected a global dataset of 2,548 species and 175 sites which allowed to develop the leaf economics spectrum relationships. However, none of these sites was situated in the Sahel and only few of these species were C4 plants (23 C4 plants versus 1321 C3 plants; species with unspecified photosynthetic pathway not included (n = 1344)). [START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF] focused on C4 plants with three out of the nine studied species originating from rain-fed grasslands in Botswana, where similar environmental conditions occur as in the Sahelian savannahs. Finally, [START_REF] Domingues | Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands[END_REF] studied the photosynthetic characteristics of 12 plant species situated near the Sahel. Species of which the photosynthetic pathway was not specified were not included in this study. Wright's dataset being only available on a mass basis, we only carried out these comparisons on a mass-basis. Statistical analyses Differences between parameter sets (Asat, Vcmax25, Jmax25, Amax and CO2comp) of measured plants belonging to different PFTs were analysed on a leaf area basis using the Dunnett's Modified Tukey-Kramer test. Following analysis of leaf gas exchange parameters and leaf nutrient data was made on species-averaged values. For comparison with the global dataset, differences between groups (Sahelian C3 plants, global C3 plants, Sahelian C4 plants and global C4 plants) were assessed using a Dunnett's Modified Tukey-Kramer test. Scaling relationships between Asat and leaf nutrients were assessed using standardized major axis (SMA) regression [START_REF] Wright | The worldwide leaf economics spectrum[END_REF][START_REF] Warton | Bivariate line-fitting methods for allometry[END_REF][START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF]. SMA regression is a regression method preferred when one is more interested in the true slope of a relationship, rather than predicting values for a dependent variable from a predictor variable. It is thus commonly used to establish allometric scaling relationships, especially when the two variables are not measured on comparable scales [START_REF] Warton | Bivariate line-fitting methods for allometry[END_REF]. All statistical analyses were done in RStudio (V 1.1.456).

RESULTS

During the growing season of 2017, the dominant tree species of the Dahra field site were the tropical broadleaf evergreen Balanites aegyptiaca (L.) Delile and the tropical broadleaved deciduous Acacia tortilis (Forssk.) Hayne and Acacia senegal (L.) Willd, with an abundance of 11.97, 5.19 and 1.38 trees ha -1 , respectively. The average tree height was 4.7 m (2.0 to 10.6m), the average DBH 18.4 cm (3.5 to 50.9 cm) and the average DSH 22.4 cm (3.5 to 55.7 cm) (Table S1). One common Sahelian liana [START_REF] Jacks | Leptadenia hastata -Ecology, use and nutritional value[END_REF]) was identified at our field site, namely Leptadenia lancifolia (Schumach. & Thonn.) Decne. It was present on 22.25% of the trees (Table S1). The dominant grasses and herbaceous species, each covering > 15 % of all inventoried subplots, were Zornia glochidiata DC., Cenchrus biflorus Roxb. and Chloris pycnothrix Trin.. The sub-dominant species, each covering > 5 % of all inventoried subplots, were Alysicarpus ovalifolius (Schum.) Leonard, Ipomoea coptica (L.) Roth ex Roem. Schult, Tribulus terrestris L., Dactyloctenium aegyptium (L.) Willd. and two other grass species that could not be identified (hereafter referred as Unidentified sp.1 and Unidentified sp.2) (Table 1). No other dominant or sub-dominant species were observed in the surroundings of the tower. Photosynthetic pathways Nine species showed δ 13 C values ranging from -26.77 to -28.78 ‰, which is in accordance with the C3 photosynthetic pathway, as δ 13 C values of C3 plants typically range between -25.1 and -29.1 ‰. These species were A. senegal, A. tortilis, B. aegyptica, L. lancifolia, Z. glochidiata, D. scandens, A. ovalifolius, I. coptica and Unidentified sp. 2. The species C. biflorus, C. pycnothrix, T. terrestris, D. aegyptium and Unidentified sp. 1, with δ 13 C values ranging from -11.91 to -13.75 ‰, were classified as C4 photosynthetic pathway species, as C4 plants typically show δ 13 C values between -11.9 and -14.3 ‰. C3 and C4 pathways in grasses and herbaceous plants identified on the field site were equally abundant in terms of ground coverage (Fig. 2). (Trees,n=3;Liana,n=3;Ipomoea coptica and Dactyloctenium aegyptium,n=2). Values ranging between -25.1 and -29.1‰ typically indicate a C3 photosynthetic pathway, while values ranging between -11.9 and -14.3 ‰ are typical for a C4 pathway [START_REF] Leary | Carbon Dynamics in Plants[END_REF]. Dominant grasses and sub-dominant grasses include grasses and herbaceous species which covered more than respectively 15 % and 5 % of the total area of the measured subplots.

Table 1. Dominant plant species -Dominant plant species at the Dahra field site during the growing season (July-September 2017) with indication of the plant functional types (PFT). The dominant grasses and sub-dominant grasses include grasses and herbaceous species which covered more than 15 % and 5 %, respectively, of the total area of the studied subplots. PFTs: BET(T), tropical broadleaf evergreen tree; BDT(T), tropical broadleaf deciduous tree; Liana and Grass (subdivision in C3 and C4 in Fig. 1).

Variations in photosynthetic parameters between plant functional types

The measured area-based photosynthetic parameters varied greatly between the different PFTs recorded at the Dahra field site during the growing season of 2017 (Fig. 3). The Asat of trees was significantly different (p<0.001) according to their phenology, with broadleaf deciduous trees having Asat values roughly twice the Asat of broadleaf evergreen trees (37.8 and 18.3µmol CO2 m -2 s -1 , respectively). Although not significant, the averages for Vcmax25, Jmax25 and Amax of the broadleaf deciduous trees (Amax: 49.8 µmol CO2 m -2 s -1 ; Vcmax25: 65.6 µmol CO2 m -2 s -1 ; Jmax25: 305.3 µmol CO2 m -2 s -1 ) showed a similar trend, being roughly twice as large as the broadleaf evergreen trees (Amax: 24.9 µmol CO2 m -2 s -1 ; Vcmax25: 37.3 µmol CO2 m -2 s -1 ; Jmax25: 137.1 µmol CO2 m -2 s -1 ). In contrast, the CO2comp of broadleaf deciduous trees was lower (p > 0.05) than in broadleaf evergreen trees (69.8 and 82.3 ppm respectively). Lianas were characterized by significantly higher values for Vcmax25 (128.8 µmol CO2 m -2 s -1 , p < 0.01) and significantly higher Amax (64.2 µmol CO2 m -2 s -1 , p < 0.01) compared to evergreen trees. However, their average Asat (28.4 µmol CO2 m 2 s -1 ) and CO2comp (78.2 ppm) were not significantly different from the average tree values (28.1 µmol CO2 m 2 s -1 and 76.1 ppm respectively), i.e. situated in between the two averages of the two tree PFTs. The C4 grasses showed significantly lower CO2,comp values compared to all other C3 species (CO2,comp C4: 13.1 ppm; CO2comp C3: 69.5 ppm, p < 0.001). The C3 and C4 grasses and herbaceous species were distinguished by significant differences in Vcmax25 (p < 0.05) and Asat (p < 0.001) values. Photosynthetic parameters in relation to leaf traits Nmass and Pmass ranged respectively between 2.62 and 4.87 %, and 0.09 and 0.32 % (Table S1). Log(Pmass) was more strongly correlated to log(Asat) (R² = 0.56) than log(Nmass) was (R² = 0.41). However, when analyzing these relationships for C3 and C4 plants separately, the log(Asat) of C4 plants showed a stronger relationship with log(Nmass) (R² = 0.68) than log(Pmass) (R² = 0.58), while the log(Asat) of C3 plants was stronger related to log(Pmass) 

Comparing with global data

Photosynthetic capacity

Combining our dataset with global data, including Sahelian (n = 16) and non-Sahelian plants (n = 675), C4 plants showed significantly (p < 0.001) higher Asat values than C3 plants, with averages of 95.28 nmol CO2 g -1 s -1 and 385.19 nmol CO2 g -1 s -1 for C3 and C4 plants respectively. Asat values of C3 plants growing at the Sahel, with an average value on 377.55 nmol CO2 g -1 s -1 , were significantly higher (p < 0.001) than the C3 plants growing at non-Sahelian regions, with an average value of 95.28 nmol CO2 g -1 s -1 (Fig. 8). A similar trend was found for C4 plants, with Sahelian C4 plants showing an average Asat value of 1272.38 nmol CO2 g -1 s -1 and non-Sahelian C4 plants an average value of 303.31 nmol CO2 g -1 s -1 . When considering all plants together, those originating from the Sahel showed significantly higher (p < 0.001) Asat values than the non-Sahel plants (p < 0 .001). Sahelian plants exhibited average values of 3.18 % for Nmass and 0.19 % for Pmass, being significantly higher (p < 0.001) than non-Sahelian plants with average values of 1.71 % and 0.08 %, respectively (Fig. 8). The Nmass-Asat and Pmass-Asat relationships for C4 plants showed steeper slopes than for C3 plants, whether we considered the global data or the Sahelian data alone (Fig. 8). The relationships for Sahelian C3 species was steeper than the global in both the Nmass-Asat or the Pmass-Asat relationships. Sahelian C3 plants showed higher photosynthetic nutrient use efficiencies compared to the global average with average values of 13.78 ± 5.34 µmol CO2 gN -1 s -1 and 255.36 ± 113.60 µmol CO2 gP -1 s -1 for nitrogen and phosphorous use efficiency of studied Sahelian species versus 6.32 ± 3.39 µmol CO2 gN -1 s -1 and 116.58 ± 94.44 µmol CO2 gP -1 s -1 for global averages of nitrogen and phosphorous use efficiency, respectively. For the C4 plants, the global and Sahelian Nmass-Asat relationship did not show strong differences, while for the Pmass-Asat relationship, the global relationship was steeper than the Sahelian Pmass-Asat relationship (Fig. 8). 

DISCUSSION

Species composition

All plant species present at the Dahra site are found across larger zones of the Sahelian region ([CSL STYLE ERROR: reference with no printed form.]). However, the observed groundcover plant composition differed from those reported in previously executed inventories at the same study site [START_REF] Rasmussen | Tree survey and allometric models for tiger bush in northern Senegal and comparison with tree parameters derived from high resolution satellite data[END_REF]Tagesson et al. 2015a) (Table S2). The absence of the annual bunchgrass Aristida adscensionis, which was reported to be dominant over previous years, and the strong dominance of the generally absent annual legume Zornia glochidiata have already been observed in 2006 [START_REF] Rasmussen | Tree survey and allometric models for tiger bush in northern Senegal and comparison with tree parameters derived from high resolution satellite data[END_REF]Tagesson et al. 2015a). Tagesson et al. (2015) suggested a low annual rainfall and the presence of a so-called "false start" of the rainy season, characterized by a heavy rainfall 28 days before start of actual rainy season, as main reasons for this change in groundcover composition in 2006. These two conditions were not present over the period of 2008-2012, and Zornia glochidiata was also not dominant over this period (Table S2). Over the rainy season of 2017, however, both conditions were present together (Fig. S1) with a large presence of Zornia glochidiata (Table S2). These observations thus reinforce Tagesson et al.'s suggestion. Furthermore, in 2017 the start of the growing season coincided with the religious event of Tabaski, also known as the "Festival of Sacrifice". During the weeks preceding this event, shepherds originating from Mali cross the measured region with their large herds in order to sell them to the surrounding villages. The increasing grazing pressure caused by these large herds surely has an influence on the ground cover composition. Statistical analyses of distribution patterns show the abundance of C4 species to be positively correlated with temperature and negatively with availability of water [START_REF] Teeri | International Association for Ecology Climatic Patterns and the Distribution of C4 Grasses in North America[END_REF][START_REF] Ehleringer | Implications of Quantum Yield Differences on the Distributions of C3 and C4 Grasses[END_REF][START_REF] Doliner | International Association for Ecology Ecological Evidence concerning the Adaptive Significance of the C₄ Dicarboxylic Acid Pathway of Photosynthesis Published by : Springer in cooperation with International Association for Ecology Stable[END_REF]. As the Dahra field site experiences high temperatures and a low water availability, a large abundance of C4 plants can be expected (Cerling et al. 1997). In this study, we found an unexpected equal C3/C4 ground coverage, which, as mentioned above, can be explained by the unusual rainy conditions of the year 2017 causing an unusually large abundance of Zornia glochidiata, an annual C3 grass, compared to the period 2008-2012 when a large abundance of Aristida adscensionis, an annual C4 bunchgrass, was found (Tagesson et al. 2015a). All the above elements indicate that several factors can have an unneglectable influence on the species composition of such ecosystems. By doing so, these factors do not only influence the C3/C4 ground cover of the ecosystem but also influence the photosynthetic capacity of the concerned ecosystem. To improve the accuracy of DVGMs, such factors should be identified and studied to better model the system. Moreover, inventories should be repeated over several years to get insight in the interannual variability of the species composition and to identify driving factors of the plant composition of the ecosystem.

Differences in photosynthetic parameters between plant functional types:

The observed lower CO2comp values of C4 versus C3 plants (Fig. 3) is a typical distinction between the two photosynthetic pathways (Lambers 1998). The higher Asat values of the C4 plants compared to the C3 plants reported within this study were also expected as the leaf anatomy and biochemistry of C4 plants significantly improve their conversion potential of solar radiation into dry matter, nitrogen-use efficiency and water use efficiency [START_REF] Long | photosynthesis at low temperatures[END_REF][START_REF] Osmond | Functional Significance of Different Pathways of CO2 Fixation in Photosynthesis[END_REF]). As a result, C4 plants tend to show higher Asat values than C3 plants when in high light and temperature environments, as in this study (Fig. 3). The broadleaf evergreen tree (BET) species Balanites aegyptiaca, shows the lowest photosynthetic capacity values (Asat, Amax, Vcmax25, Jmax25). Balanites aegyptiaca is the only evergreen species identified at the study site. As they retain their leaves throughout the year, evergreen plants living in seasonally water-stressed environments could develop a drought tolerance strategy with lower photosynthesis and transpiration rates in order to conserve water during dry periods [START_REF] Tomlinson | Leaf adaptations of evergreen and deciduous trees of semi-arid and humid savannas on three continents[END_REF]. The relatively high Vcmax25-values of the liana species could indicate a competitive advantage of lianas compared to the other species in this arid ecosystem. Altogether, the relative differences between the different PFTs in this study corroborate with other ecosystems indicating that established knowledge also applies in the dry region of the Sahel. Nevertheless, due to the significance of these differences, these need to be taken into account in DGVMs. A rather questionable result, however, might be the fact that the reported Amax values for Acacia tortilis and for all C4 plants included in this study are lower than their reported Asat values (Fig. 3 & Table. S2). A plausible explanation might lie in the choice of photosynthetic active radiation (PAR) setting that was made. Indeed, this setting was standardized across species and set on 1500 μmol m -2 s -1 , which is the saturating light level above which Balanites aegyptiaca fell in photo-inhibition. However, for some of the studied species, this PAR-level was too low to reach the saturated photosynthesis level. Choosing a higher PAR value would have resulted in strong underestimations of A:Ci parameters for Balanites aegyptiaca. The latter is a dominant tree on the study site, hence the choice was made to use a PAR value as high as possible within the saturating light levels of Balanites aegyptiaca, in order to minimize the underestimation of A:Ci parameters of other species without underestimating the A:Ci parameters of Balanites aegyptaica. Consequently, the A:Ci derived photosynthetic parameters of some species reported within this study, while already high, are most probably underestimated.

High photosynthetic capacity and leaf nutrients For both C3 and C4 plants, Sahelian plants exhibit higher Asat and leaf nutrient values compared to previously documented non-Sahelian vegetation [START_REF] Wright | The worldwide leaf economics spectrum[END_REF][START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF][START_REF] Domingues | Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands[END_REF]) (Fig. 8). Accordingly, high leaf gas exchange rates and high leaf nutrient levels of plants were already reported for arid ecosystems such as the Sonoran Desert (Arizona, USA) [START_REF] Hinojo-Hinojo | High Vcmax, Jmax and photosynthetic rates of Sonoran Desert species: Using nitrogen and specific leaf area traits as predictors in biochemical models[END_REF], and rain-fed grasslands in Botswana [START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF] which are both ecosystems with relatively short growing seasons. Both these studies [START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF][START_REF] Hinojo-Hinojo | High Vcmax, Jmax and photosynthetic rates of Sonoran Desert species: Using nitrogen and specific leaf area traits as predictors in biochemical models[END_REF]) suggested a very efficient growth strategy that is required for survival and reproduction in harsh climatic conditions with a relatively brief period of water availability. [START_REF] Smith | Global photosynthetic capacity is optimized to the environment[END_REF] predicted Vcmax25 values of C3 plants using climate data, such as mean growing season irradiance, air temperature, vapour pressure deficit and elevation, irrespective of soil fertility [START_REF] Smith | Global photosynthetic capacity is optimized to the environment[END_REF]. For the region of Dahra, their model predicted Vcmax25 values of C3 plants to be ranging between 90 and 105 µmol m -2 s -1 . Being the first field-measured Vcmax25 data of the Dahra field site, our data fit within the predicted range, with an average Vcmax25 value of C3 plants of 91.47.88 ±36.98 µmol m -2 s -1 . Furthermore, it is known that large variation exists in the temperature response of Rubisco catalytic properties of both C3 and C4 species [START_REF] Sharwood | Temperature responses of Rubisco from Paniceae grasses provide opportunities for improving C 3 photosynthesis[END_REF][START_REF] Galmés | Potential improvement of photosynthetic CO2 assimilation in crops by exploiting the natural variation in the temperature response of Rubisco catalytic traits[END_REF]) and particularly that the Rubisco specificity factor is increased in species growing in dry, hot climates [START_REF] Delgado | Species variation in rubisco specificity factor[END_REF][START_REF] Galmés | Rubisco specificity factor tends to be larger in plant species from drier habitats and in species with persistent leaves[END_REF]. These observations are discussed in terms of natural selection leading to a slightly increased specificity factor of Rubisco in some species occurring in these hot and dry regions inducing higher photosynthetic parameters in these species. All these observations indicate that the potential photosynthetic capacity of plants is at least partly determined by the optimization of photosynthetic processes in response to environmental conditions, which is done by optimising nutrient allocation at the leaf [START_REF] Maire | The coordination of leaf photosynthesis links C and N fluxes in C3 plant species[END_REF][START_REF] Prentice | Balancing the costs of carbon gain and water transport: Testing a new theoretical framework for plant functional ecology[END_REF][START_REF] Wang | Towards a universal model for carbon dioxide uptake by plants /704/47 /704/158/851 letter[END_REF]. Moreover, the high maxima and large range of the reported Asat values of the C4 plants reported within this study highlight the complexity of C4 plant functioning in arid ecosystems, for which we only scratched the surface regarding the few studies and data available to date for the Sahel. This underlines a need for more study on C4 plants in these arid ecosystems. Altogether, the observed high photosynthetic capacity values are in line with the very high CO2 exchange fluxes measured at the peak of the rainy season (2016) by the flux tower at the Dahra field site: gross primary productivity and ecosystem respiration peaked at values up to -48 μmol CO2 m -2 ground surface s -1 and 20 μmol CO2 m -2 ground surface s -1 , respectively [START_REF] Tagesson | Very high CO2 exchange fluxes at the peak of the rainy season in a West African grazed semi-arid savanna ecosystem[END_REF]. Relations between photosynthetic parameters, leaf nitrogen, leaf phosphorus and SLA When looking at relations including A:Ci derived parameters, the probable underestimation of A:Ci parameters of some of the studied species, linked to the standardisation of the A:Ci measurement technique, should be kept in mind. Nevertheless, reported results indicate that for mass-based data, Nmass proved to be a better predictor than Pmass for Vcmax25 and Jmax25. For Asat, however, Pmass was a better predictor, except for C4 plants (Fig. 4). For C3 plants, the strongest correlation between a photosynthetic parameter and a leaf trait was found between SLA and Vcmax25 (Fig. 6). This corroborates with earlier work [START_REF] Walker | The relationship of leaf photosynthetic traits -V cmax and J max -to leaf nitrogen , leaf phosphorus , and specific leaf area : a meta-analysis and modeling study[END_REF], and hence further stresses that SLA is a good proxy for Vcmax25 in C3 plants. Furthermore, the strong correlation between Vcmax25 and Jmax25 in both C3 and C4 plants (Fig. 7) also confirms earlier work [START_REF] Wullschleger | Biochemical limitations to carbon assimilation in C3 plants -a retrospective analysis of the A/Ci curves from 109 species[END_REF][START_REF] Beerling | A new technique for estimating rates of carboxylation and electron transport in leaves of C 3 plants for use in dynamic global vegetation models[END_REF][START_REF] Walker | The relationship of leaf photosynthetic traits -V cmax and J max -to leaf nitrogen , leaf phosphorus , and specific leaf area : a meta-analysis and modeling study[END_REF]. This strong empirical relation is at the basis of why most DGVMs do simulate Jmax25 as a linear function of Vcmax25. The strong positive correlation between SLA on the one hand and Nmass and Pmass on the other (Fig. 5) is in agreement with the leaf economic spectrum [START_REF] Wright | The worldwide leaf economics spectrum[END_REF]). The leaf economic spectrum stipulates that there is a trade-off between carbon and nutrient investment in plant leaves globally. The extremes of the spectrum exhibit species with high SLA and short-lived leaves, with high Nmass and a high photosynthetic capacity on one side, and low SLA species with long-lived leaves and low photosynthetic capacity on the other side. Our study shows the same trade-off, as evidenced by the positive correlations between SLA and the different photosynthetic parameters for C3 plants (Fig. 6). For C4 plants, however, negative SLA-photosynthetic parameter correlations were observed (Fig. 6), although SLA-Nmass and SLA-Pmass relations were positive and close to those in C3 plants (Fig. 7). The reason for these negative correlations is unclear and questions the validity of the leaf economic spectrum paradigm in C4 plants of our study site. Photosynthesis in Sahelian plants from a global view Based on the data included in this study, we conclude that Sahelian C3 plants exhibit 1) high values of photosynthetic parameters (at the extremes of what was previously documented) and 2) steeper leaf nutrient-Asat relationships and thus higher photosynthetic nutrient use efficiencies compared to the relationships derived from existing and extensive datasets [START_REF] Wright | The worldwide leaf economics spectrum[END_REF][START_REF] Mantlana | Photosynthetic properties of C4plants growing in an African savanna/wetland mosaic[END_REF][START_REF] Domingues | Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands[END_REF]) (Fig. 8). This is probably due to the acclimation and adaptation of local plant species to the arid climate of the Sahel, characterized by limited water availability, short growing season and high temperatures. The Nmass-Asat relationships of C4 plants originating from the Sahel do not seem to show strong differences with the Nmass-Asat relationship of existing C4-plant data. For the Pmass-Asat relationships, however, the Sahelian C4 plants seem to have a slightly steeper relationship indicating an optimized leaf phosphorous allocation for Sahelian C4 plants. We want to stress that only few literature values were found for C4 plants (n = 30 for Nmass and n = 7 for Pmass), and that a large part of these data originated from plants growing in (semi-)arid dryland systems (~66% for N and 100% for P) and as such might not be representative for a global nutrient-Asat relationship for C4 plants.

When focussing on mass-based Asat-leaf nutrient correlations (Fig. 8), it is remarkable that the slope of the leaf nutrient-Asat relationship is much steeper for C4 plants than for C3 plants. This indicates a higher photosynthetic nutrient use efficiency of C4 plants compared to C3 which had already been reported in several studies [START_REF] Archer | Photosynthetic responses of native and introduced C4 grasses from Venezuelan savannas[END_REF][START_REF] Anten | Nitrogen Distribution and Leaf Area Indices in Relation to Photosynthetic Nitrogen Use Efficiency in Savanna Grasses Author[END_REF][START_REF] Simioni | Leaf Gas Exchange Characteristics and Water-and Nitrogen-Use Efficiencies of Dominant Grass and Tree Species in a West African Savanna Author ( s )[END_REF][START_REF] Lambers | Plant Physiological Ecology, second edi. Springers Le Bagousse[END_REF]. Savannahs ecosystems, such as the Sahel, yearly undergo rapid structural changes in tree/grass relative abundance [START_REF] Archer | Photosynthetic responses of native and introduced C4 grasses from Venezuelan savannas[END_REF], linked to the seasonality of the rainfall [START_REF] Zhang | Impacts of the seasonal distribution of rainfall on vegetation productivity across the Sahel[END_REF]. Such shifts from grass-to tree-dominated savannah areas would probably entail strong changes in ecosystem-level photosynthetic rates and thus surely need to be taken into account in DGVMs. (Trees species,n=3;liana species,n=3;dominant grasses,n=2;n=1). Table S 2. Average values and standard deviation of the photosynthetic parameters and leaf traits from measured species in the Dahra field site during the rainy season of 2017 -The species, plant functional trait (PFT; broadleaf deciduous trees (BDT), broadleaf evergreen trees (BET), lianas (Li), C3 grasses (C3) and C4 grasses (C4)) and average values and, when applicable, standard deviations (Avg ±SD) of the standard dark respiration (Rd25), the rate of CO₂ assimilation in light-saturated conditions (Asat), the light compensation point (Icomp), the intrinsic quantum yield (Φ0), the rate of CO₂ assimilation in CO2-and light-saturated conditions (Apot), the standardised maximum carboxylation (Vcmax25), the standardised maximal photosynthetic electron transport (Jmax25), the standardised maximal PEP carboxylase activity (Vpmax25), the CO2 compensation point (CO2comp), the specific leaf area (SLA), the leaf nitrogen (Nleaf) and the leaf phosphorous (Pleaf) of the different species measured on the Dahra field site. 

Figure 1 .

 1 Figure 1. Location of the Dahra field site (Senegal) in the semi-arid Sahel. Panoramic photographs show the grassland savannah at the Dahra site in the very beginning of the rainy season (upper photograph, taken on July 31, 2017) and in the middle of the rainy season (lower photograph, taken on September 12, 2017).

Figure 2 .

 2 Figure 2. δ 13 C-values of the different dominant plant species present at the Dahra field site during the growing season (July-September, 2017). Error bars indicate the standard deviation of average δ 13 C for species where sample size allowed multiple analyses(Trees, n=3; Liana, n=3; Ipomoea coptica and Dactyloctenium aegyptium, n=2). Values ranging between -25.1 and -29.1‰ typically indicate a C3 photosynthetic pathway, while values ranging between -11.9 and -14.3 ‰ are typical for a C4 pathway[START_REF] Leary | Carbon Dynamics in Plants[END_REF]. Dominant grasses and sub-dominant grasses include grasses and herbaceous species which covered more than respectively 15 % and 5 % of the total area of the measured subplots.

Figure 3 .

 3 Figure 3. Comparison of the area-based photosynthetic parameters: Light-saturated photosynthesis (Asat), temperaturecorrected maximum carboxylation rate (Vcmax25), temperature-corrected maximal photosynthetic electron transport rate at (Jmax25), light-and CO2-saturated photosynthesis (Amax) and CO2 compensation point (CO2comp) of the different plant functional types (broadleaf deciduous trees (BDT; n=6), broadleaf evergreen trees (BET; n=3), lianas (Li; n=3), C3 grasses (C3; n=7), C4 grasses (C4; n=7)) present on the Darha field site during the growing season of 2017. Different superscript letters indicate significant difference (P < 0.05) as assessed by a Dunnett's Modified Tukey-Kramer test.

Figure 4 .

 4 Figure 4. The mass-based scaling relationships between leaf nutrient (nitrogen and phosphorus) and photosynthetic parameters (leaf-level light-saturated assimilation rates (Asat), temperature-corrected maximum rate of carboxylation (Vcmax25) and the temperature-corrected maximal photosynthetic electron transport rate (Jmax25)) as observed at the Dahra field site. Axes are in log10 scale. The full black lines refer to standardized major axis (SMA) line-fitting applied to the entire data set. Dashed lines are SMA fits from C3 data set (light grey dashed line) and C4 data set (dark grey dashed line). Slope (a) and intercept (b) of the different scaling relationships are given.

Figure 5 .

 5 Figure 5. The mass-based scaling relationships for specific leaf area (SLA) versus leaf nutrient (both Nmass and Pmass). Axes are in log10 scale. The full black lines refer to standardized major axis (SMA) line-fitting applied to the entire data set. Dashed lines are SMA fits from C3 data set (light grey dashed line) and C4 data set (dark grey dashed line). Slope (a) and intercept (b) of the different scaling relationships are given.

Figure 6 .

 6 Figure 6. The area-based scaling relationships of the specific leaf area (SLA) and photosynthetic parameters (leaf-level lightsaturated assimilation rates (Asat), temperature-corrected maximum rate of carboxylation (Vcmax25) and the temperaturecorrected maximal photosynthetic electron transport rate (Jmax25)) studied on the Dahra field site. Axes are in Log10 scale. The full lines refer to standardized major axis (SMA) line-fitting applied to the entire data set. Dashed lines are SMA fits from C3 data set (light grey dashed line) and C4 data set (dark grey dashed line). Slope (a) and intercept (b) of the different scaling relationships are given together with the R² values.

Figure 7 .

 7 Figure 7. The area-based scaling relationships for Vcmax25 versus Jmax25. Axes are in Log10 scale. The full black lines refer to standardized major axis (SMA) line-fitting applied to the whole data set. Dashed lines are SMA fits from C3 data set (light grey dashed line) and C4 data set (dark grey dashed line). Slope (a) and intercept (b) of the different scaling relationships are given.

Figure 8 .

 8 Figure 8. Mass-based scaling relationships for (a) light-saturated photosynthetic rate (Asat) versus leaf nitrogen; (b) lightsaturated photosynthetic rate (Asat) versus leaf phosphorus plotted above data derived within this study, Wright et al. 2004 [datapoints of 23 C4 plants and 1321 C3 plants are used; species with unspecified photosynthetic pathway are not included (n=1344)] , Mantlana et al. 2008 and Domingues et al. 2010. The SMA-fitted curves (see materials and methods section) for all C3 plants, Sahelian C3 plants, all C4 plants and the Sahelian C4 plants are illustrated. All values are expressed on a leaf dry weight basis. Boxplots, having the same axis as adjacent figure, indicate the distribution of the concerned photosynthetic values (left) and leaf nutrient content (below) of the data used in the central plot with indication of significance levels (Dunnett's Modified Tukey-Kramer test, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001). ). Slope (a) and intercept (b) of the different scaling relationships are given.

Fig S 2

 2 Fig S 2 Light response curves -Light response curves of the different dominant plant species present at the Dahra field site during the growing season (August) of 2017. Different symbols (•,+,) represent different measured individuals(Trees species, n=3; liana species, n=3; dominant grasses, n=2; n=1).

Fig S 3 A

 3 Fig S 3 A:Ci response curves -A:Ci response curves of the different dominant plant species present at the Dahra field site during the growing season (August) of 2017. Different symbols (•,+, ) represent different measured individuals(Trees species, n=3; liana species, n=3; dominant grasses, n=2; n=1).

Fig S 4

 4 Fig S 4 The scaling relationships of leaf nutrients (leaf nitrogen (Narea) and leaf phosphorous (Parea)) and photosynthetic parameters (leaf-level light-saturated assimilation rates (Asat), temperature-corrected maximum rate of carboxylation (Vcmax25) and the temperature-corrected maximal photosynthetic electron transport rate (Jmax25)) studied on the Dahra field site, all expressed on a leaf area-basis. Axes are in Log10 scale. The full lines refer to standardized major axis (SMA) line-fitting applied to the entire data set. Dashed lines are SMA fits from C3 data set (light grey dashed line) and C4 data set (dark grey dashed line). Slope (a) and intercept (b) of the different scaling relationships are given together with the R² values.
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(R² = 0.40) than log(Nmass) (R² = 0.37). Log(Vcmax25) and Log(Jmax25) were always stronger correlated with Log(Nmass) than with log(Pmass) and even stronger when analyzing C3 and C4 plants separately (Fig. 4). Both leaf nutrients (Nmass and Pmass) showed positive correlations with SLA. Especially the Nmass showed strong correlations with SLA (R² ≥ 0.59) and whether C4 and C3 plants were grouped or not, these correlations were all similar (Fig. 5). When expressed on an area-basis, Log(Vcmax25) and Log(Jmax25) showed strong positive correlations with Log(SLA) when C3 and C4 plants were analyzed separately (Fig. 6) (other area-based correlations are shown in Fig. S2), with the strongest correlation found between the Log(Vcmax25) and Log(SLA) of the C3 plants (R² = 0.82). Finally, Log(Jmax25) and Log(Vcmax25), when both expressed on an area basis, showed very strong correlations when C3 and C4 plants were expressed separately (Fig. 7).
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SUPPORTING INFORMATION

Table S 1 Dominant tree species at the Dahra field during the rainy season of 2017 given with the respective average (and standard deviation if applicable) of the mean tree height (m), average mean diameter at breast height (DBH; 10 -2 m), average mean diameters at stump height (DSH; 10 -2 m) and percentage of trees showing presence of lianas (Leptadenia lancifolia) in the canopy (%) per tree species. 2006, 2008, 2009, 2010, 2011, 2012 and 2017