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Integrated model simulates bigger, sweeter tomatoes under changing climate under reduced nitrogen and water input

When simulating the response of fruit growth and quality to environmental factors and cultivation practices, the interactions between the mother plant and fruit need to be considered as a whole system. Here, we developed the integrative Tomato plant and fruit Growth and Fruit Sugar metabolism (TGFS) model by coupling equations describing the biophysical processes of leaf gas exchange, water transport, carbon allocation, organ growth and fruit sugar metabolism. The model also accounts for effects of soil nitrogen and atmospheric CO 2 concentration on gaseous exchange of water and carbon by the leaf. With different nitrogen and water input values, TGFS performed well at simulating the dry mass of the tomato leaf, stem, root, and fruit, and the concentrations of soluble sugar and starch in fruit. TGFS simulations showed that increasing air temperature and CO 2 concentration has positive effects on fruit growth, but not on sugar concentrations. Further model-based analyses of cultivation scenarios suggest that, in the context of climate change, decreasing N by 15%-25% and decreasing irrigation by 10%-20% relative to current levels would increase tomato fresh weight by 27.8%-36.4% while increasing soluble sugar concentration by up to 10%. TGFS provides a promising tool to optimise N and water inputs for sustainable high-quality tomatoes.

Introduction

Sustainable development of tomato (Solanum lycopersicum) production aims to ensure sufficient yields of good-quality fruit. Reconciling productivity, quality, and sustainability in the context of global climate change is a critical issue facing agriculture, especially for field-grown tomatoes the environment of which is less controlled. Marked rises in air temperatures and CO 2 concentrations will affect stomatal conductance [START_REF] Ueyama | Inferring CO 2 fertilization effect based on global monitoring land-atmosphere exchange with a theoretical model[END_REF], photosynthesis [START_REF] Leakey | Elevated CO 2 effects on plant carbon, nitrogen, and water relations: six important lessons from FACE[END_REF], plant growth [START_REF] Li | Deficit irrigation provokes more pronounced responses of maize photosynthesis and water productivity to elevated CO 2[END_REF], fruit development [START_REF] Bertin | Analysis of the tomato fruit growth response to temperature and plant fruit load in relation to cell division, cell expansion and DNA endoreduplication[END_REF], and fruit sugar metabolism [START_REF] Mosedale | Climate change impacts and adaptive strategies: lessons from the grapevine[END_REF]. Modelling approaches have been widely used to forecast the impacts of climate change on future agricultural productivity and assess options for local stakeholders [START_REF] White | Methodologies for simulating impacts of climate change on crop production[END_REF]. For example, considering water shortages and fertiliser pollution [START_REF] Kang | Improving agricultural water productivity to ensure food security in China under changing environment: from research to practice[END_REF], farmers need to follow scientific guidance to implement suitable and sustainable agricultural practices. Currently, however, climate-change impact research mainly focuses on crop growth [START_REF] Cammarano | Impact of climate change on water and nitrogen use efficiencies of processing tomato cultivated in Italy[END_REF][START_REF] Saadi | Climate change and Mediterranean agriculture: impacts on winter wheat and tomato crop evapotranspiration, irrigation requirements and yield[END_REF][START_REF] Stella | Methodology to assess the changing risk of yield failure due to heat and drought stress under climate change[END_REF]. Few studies consider fruit quality or comprehensively link plant growth and fruit quality.

The fruit growth pattern and composition of tomato are complex traits as they result from many processes that show large genotype, environment, and agronomic management interactions [START_REF] Martre | Modelling the size and composition of fruit, grain and seed by process-based simulation models[END_REF]. The effects of several meteorological and agronomic factors on the growth and fruit quality of tomato have been evaluated, such as radiation [START_REF] Johnson | Water relations of the tomato during fruit growth[END_REF], temperature [START_REF] Bertin | Analysis of the tomato fruit growth response to temperature and plant fruit load in relation to cell division, cell expansion and DNA endoreduplication[END_REF], the difference between the saturated vapour pressure and the actual vapour pressure (VPD) [START_REF] Bertin | Seasonal evolution of the quality of fresh glasshouse tomatoes under Mediterranean conditions, as affected by air vapour pressure deficit and plant fruit load[END_REF], irrigation, nitrogen (N) application [START_REF] Bénard | Effects of low nitrogen supply on tomato (Solanum lycopersicum) fruit yield and quality with special emphasis on sugars, acids, ascorbate, carotenoids, and phenolic compounds[END_REF], CO 2 fertilization and in combination with reduced irrigation regimes [START_REF] Du | Enhanced fruit yield and quality of tomato by photosynthetic bacteria and CO 2 enrichment under reduced irrigation[END_REF][START_REF] Yang | Combined effect of partial root drying and elevated atmospheric CO 2 on the physiology and fruit quality of two genotypes of tomato plants with contrasting endogenous ABA levels[END_REF]. However, the effect of CO 2 fertilization in combination with temperature, irrigation and N conditions on tomato growth and fruit quality is far less studied.

The expansive growth and sugar concentration of fruit, major quality criteria, are mainly determined by the transport and accumulation of water and carbon from the mother plant [START_REF] Chen | Modelling predicts tomatoes can be bigger and sweeter if biophysical factors and transmembrane transports are fine-tuned during fruit development[END_REF]. The water and carbon statuses of leaf (resp. fruit) affect the source (resp. sink) activity, thus inf luencing the overall sourcesink balance of the whole plant-fruit system [START_REF] Bénard | Metabolomic profiling in tomato reveals diel compositional changes in fruit affected by source-sink relationships[END_REF]. Therefore, to better understand the response of fruit growth and quality to changes in environmental factors and agronomic management, it is necessary to consider the water and carbon relations at the whole-plant level.

Process-based modelling is a powerful approach to deal with the complexity of biological systems of plants, their fruit, and the relationships between them [START_REF] Martre | Modelling the size and composition of fruit, grain and seed by process-based simulation models[END_REF][START_REF] Génard | Towards a virtual fruit focusing on quality: modelling features and potential uses[END_REF]. A virtual fruit model was developed to describe the water and carbon f luxes occurring during peach fruit expansive growth [START_REF] Fishman | A biophysical model of fruit growth: simulation of seasonal and diurnal dynamics of mass[END_REF][START_REF] Lescourret | A virtual peach fruit model simulating changes in fruit quality during the final stage of fruit growth[END_REF]. The model has since been successfully adapted to simulate fruit growth and sugar metabolism in tomato [START_REF] Chen | Modelling predicts tomatoes can be bigger and sweeter if biophysical factors and transmembrane transports are fine-tuned during fruit development[END_REF][START_REF] Liu | Model-assisted analysis of tomato fruit growth in relation to carbon and water fluxes[END_REF]. Model-assisted analyses have been conducted to assess the sensitivity of various physiological processes to water deficits and the consequence on vegetative growth and fruit quality [START_REF] Rahmati | Disentangling the effects of water stress on carbon acquisition, vegetative growth, and fruit quality of peach trees by means of the QualiTree model[END_REF], to compare sugar accumulation across different fruit species [START_REF] Cakpo | Model-assisted comparison of sugar accumulation patterns in ten fleshy fruits highlights differences between herbaceous and woody species[END_REF], and to improve the simulation of carbohydrate accumulation in tomato fruit by considering water status [START_REF] Chen | Fruit water content as an indication of sugar metabolism improves simulation of carbohydrate accumulation in tomato fruit[END_REF]. Fruit simulation studies have also been scaled up from the organ to the whole-plant level. For example, equations describing water transport and nutrient f luxes involved in fruit growth have been connected to the growth model to depict the coordinated distribution of water and carbon among different organs of the whole plant [START_REF] Baldazzi | In-silico analysis of water and carbon relations under stress conditions. A multi-scale perspective centered on fruit[END_REF]. Such a model was applied to capture how carbon is assimilated and allocated to the main compartments and how these processes vary depending on environmental conditions, including water stress [START_REF] Rahmati | Disentangling the effects of water stress on carbon acquisition, vegetative growth, and fruit quality of peach trees by means of the QualiTree model[END_REF][START_REF] Miras-Avalos | Assessment of the water stress effects on peach fruit quality and size using a fruit tree model, QualiTree[END_REF], changes in leaf-to-fruit ratios [START_REF] Zhu | Modelling grape growth in relation to whole-plant carbon and water fluxes[END_REF], and agronomic practices such as pruning and fruit thinning [START_REF] Bevacqua | A parsimonious mechanistic model of reproductive and vegetative growth in fruit trees predicts consequences of fruit thinning and branch pruning[END_REF].

Tomato is an indeterminate crop, that is, vegetative and reproductive growth is inseparable [START_REF] Martre | Modelling the size and composition of fruit, grain and seed by process-based simulation models[END_REF]. Dynamic simulation of growth of both developmental phases is challenging because it requires the integration of information on the interactions between source-sink activities within the plant, cultivation practices, and environmental factors [START_REF] Chen | Modelling predicts tomatoes can be bigger and sweeter if biophysical factors and transmembrane transports are fine-tuned during fruit development[END_REF][START_REF] Zhu | Modelling grape growth in relation to whole-plant carbon and water fluxes[END_REF][START_REF] Bevacqua | A parsimonious mechanistic model of reproductive and vegetative growth in fruit trees predicts consequences of fruit thinning and branch pruning[END_REF]. There are currently several limitations. For example, most of the existing models assume that plant water status f luctuates within a given range [START_REF] Baldazzi | In-silico analysis of water and carbon relations under stress conditions. A multi-scale perspective centered on fruit[END_REF][START_REF] Zhu | A 3-D functional-structural grapevine model that couples the dynamics of water transport with leaf gas exchange[END_REF] and few of them consider the inf luence of N application and atmospheric CO 2 concentrations on plant growth, fruit metabolism or fruit quality, especially when excess N is applied or as the climate changes [START_REF] Kang | Improving agricultural water productivity to ensure food security in China under changing environment: from research to practice[END_REF][START_REF] Truffault | To stop nitrogen overdose in soilless tomato crop: a way to promote fruit quality without affecting fruit yield[END_REF][START_REF] Zhou | An integrated irrigation strategy for water-saving and quality-improving of cash crops: theory and practice in China[END_REF].

Our first aim was to develop a process-based model for tomato to simulate the dynamic growth of the plant and its fruit, while following fruit sugar metabolism at a whole-plant level (TGFS model), and representing the impacts of N and CO 2 on leaf gas exchange. The second aim was to predict how climate change will inf luence tomato organ growth and fruit sugar composition, as a way to investigate management strategies for sustainable tomato production in the future.

Results

Calibration and validation of the integrative model

The integrative TGFS model (Fig. 1) was calibrated against measurements of real tomato plants grown under optimal nitrogen and water conditions (N2Wck in Experiment A). Calibration results show that the observed plant growth variables, including DW leaf , LA, DW stem , and fruit development variables, such as FW, DW, and fruit soluble sugar concentration (SSc), were well simulated as the RRMSE values range from 5.57% to 18.59% (Fig. 2A-G; Table 1). The relatively high RRMSE for fruit starch concentration can mainly be attributed to the scatter in the observations and the very low values late in fruit development. However, the dynamic trend during fruit development estimated by the model has a small MAE which is deemed satisfactory (Fig. 2H; Table 1). Additionally, the simulated C str , C ns , SS, Sta, g sNCO2 , ψ stem , Tr, Pn, Cp and respiration of the leaf, stem, root, and fruit (Fig. S1, see online supplementary material) are consistent with previously reported values [START_REF] Baldazzi | In-silico analysis of water and carbon relations under stress conditions. A multi-scale perspective centered on fruit[END_REF][START_REF] Zhu | Modelling grape growth in relation to whole-plant carbon and water fluxes[END_REF][START_REF] Zhou | Nitrogen application modified the effect of deficit irrigation on tomato transpiration, and water use efficiency in different growth stages[END_REF][START_REF] Giuliani | Combined effects of deficit irrigation and strobilurin application on gas exchange, yield and water use efficiency in tomato (Solanum lycopersicum L.)[END_REF][START_REF] Lanoue | Effects of light quality and intensity on diurnal patterns and rates of photo-assimilate translocation and transpiration in tomato leaves[END_REF].

To validate the model, it was tested against three independent datasets of measurements from plants treated with different amounts of N and water, namely N3Wck in Experiment A and N1Wck and N2DI in Experiment C (see Materials and Methods for details of treatments). For these three growth conditions, the dynamics of DW leaf , LA, DW stem , DW fruit , FW, DW, and SSc were simulated reasonably well (RRMSE 10.1% to 28.3%, Table 1) with the TGFS model (Fig. 2A-G). The fruit starch concentration simulation for N3Wck conditions is acceptable, as the MAE is 0.23 g 100 g -1 FW and the RRMSE is 28.9%, similar to the values for the N2Wck condition. However, the predictions of FW, DW, SSc, and Stac during the first phase of fruit development were not completely satisfactory for stressed tomatoes (N1Wck and N2DI in Fig. 2E-H), which might be because the predicted ψ stem can't fully ref lect the deficit status of the plant-fruit system and the early deviation of the measured Stac peak. Overall, the integrative model efficiently simulated the development of the leaf, stem, root, and fruit, and the dynamics of soluble sugar and starch in the fruit, by comprehensively considering the effects of environmental factors. Thus, TGFS could be used to predict plant behaviour and fruit sugar responses under different environments.

Future climate change will improve fruit size but not sugar concentration

We applied the TGFS model to assess how tomato growth and fruit quality would respond to increasing air temperature (T a ) and increasing atmospheric CO 2 concentration (CO 2 ), characteristic of a climate change scenario for the location where the experimental data were collected, and assuming the current moderate N application and full irrigation remained the same over the predicted period (2021-2100) (Fig. 3).

With continuous rises in T a and CO 2 , the dry weights of the modelled leaf, stem and root show significant logistic upward trends (Fig. 3). Compared to the start of the simulated period (current conditions), the simulated dry weights of the leaf, stem and root increased by 36.5%, 24.9%, and 15.2% (Fig. 3A andC), respectively, by the end of the simulation period. The simulated carbon composition in the leaf revealed that both C str and C ns (Fig. S2, see online supplementary material) showed similar trends over the period, increasing by 36.0% and 44.6%, respectively. Accordingly, the predicted plant LA increased from 0.44 m -2 to 0.59 m -2 , a 36.0% increase (Fig. 3B). The larger increases in C ns compared to C str in the leaf suggests that the tomato leaf would accumulate proportionally more non-structural carbon, potentially providing more materials and energy to support tomato growth under future climates. The enhancement of plant carbon assimilation due to enlarged leaf and higher photosynthesis rates (Fig. S3A, see online supplementary material) would improve the growth of other organs. Consistent with this, over the simulation period significant logistic increases were observed from 222.24 g to 295.95 g for the FW and from 10.62 g to 15.06 g for the DW of individual fruit (Fig. 3D). Meanwhile, the average stomatal conductance over each year (g sNCO2 _m) decreases from 0.17 to 0.13 mol H 2 O m -2 s -1 and water consumption by leaf transpiration (Tc) decreases from 84.64 to 82.98 L/plant/season with the increase in CO 2 and air temperature (Fig. S3 D,E,F, see online supplementary material).

Although beneficial climate impacts on tomato plant and fruit growth may be seen in the future, the taste quality of the ripe fruit may not improve (Fig. 3E andF). From 2021 to 2100, the concentrations of soluble sugar in mature fruit (SSc) showed a slight downward trend at the rate of 3.7 × 10 -5 g/100 g FW/year. No obvious trends were found in the simulated starch concentration in mature fruits (Stac). Fruit SSc is related to carbon and water f luxes into and out of the fruit. For fruit, the annual net inf lux of carbon (FruitC net ) was slightly lower than that of water (FruitW net ) (Fig. S3G, see online supplementary material), both are positively related to CO 2 and air temperature (Fig. S3 H andI is large, with a variance of 1.2%, suggesting that fruit quality variation between year may become higher. Overall, simulation results show that future increases in T a and CO 2 concentration would promote growth of tomato leaf, stems, roots, and fruit. However, there is little evidence that the bigger fruit would be better quality with more concentrated soluble sugar.

Reducing nitrogen and water application could obtain bigger and sweeter tomato fruit in the future

Considering the objective to reach carbon neutrality and dealing with the current context of water scarcity and excessive nitrogen fertilisation [START_REF] Kang | Improving agricultural water productivity to ensure food security in China under changing environment: from research to practice[END_REF][START_REF] Truffault | To stop nitrogen overdose in soilless tomato crop: a way to promote fruit quality without affecting fruit yield[END_REF], sustainability scenarios were designed to reduce inputs of nitrogen and water.

To explore whether modifying N application or irrigation would produce better tomato fruit, the responses of mature tomato fruit FW and soluble sugar concentration to different N and water management practices were investigated through the validated TGFS model with inputs ref lecting future climate change. Final N and irrigation scenarios were compared to initial reference N2Wck conditions, as shown in Eqn. 1

Δ = NiWi [final] -N2Wck [initial] N2Wck [initial] × 100 (1) 
where Δ refers to changes in the FW or SSc of mature tomato fruit in different N and water scenarios and i refers to a specific N treatment and irrigation (W). NiWi [final] is the average value of FW or SSc of mature fruit in the last five years of 2021-2100 (e.g. 2096-2100, to avoid inter-annual uncertainty) under NiWi scenarios.

N2Wck [initial] is the value of FW or SSc of mature fruit in 2021 in the N2Wck condition. Fig. 4A shows the percentage difference in FW and SSc caused by different N and water treatments from 2021 to 2100. When N application is relatively high (90% to 100%), a decrease in irrigation reduces the benefit of the future climate change on the FW, limiting the FW percentage increase to between 11.7% and 35.7% in the future, with no significant increase in sugar content. When N application was at a moderate level (75% to 85%), a mild water deficit increases SSc by 10.6% while maintaining a positive effect on the FW. However, severe water deficit cancels out the positive effect of climate change on the FW. When N application is low (60% to 70%), FW and SSc fall to an unfavourable level, with water deficit becoming stressful. The 40% reduction in N and water application could reduce tomato FW by 16.3% and SSc by 3.4% by 2100.

To find N and water combinations optimal for obtaining bigger and sweeter fruits in future climate conditions, the Pareto front was considered. Five combinations were selected on this front (Fig. 4A andB). The results indicate that by the end of this century, decreasing N application from 15% to 25% while decreasing water supply from 10% to 20% could increase the FW of mature tomato fruit from 27.8% to 36.4% and the soluble sugar content from 4.7% to 10.2%.

Discussion

The integrative TGFS model developed here provides a detailed dynamic representation of the growth of the tomato leaf, stem, root, and fruit in the post-f lowering stage, in addition to computing the soluble sugar and starch concentrations in fruit. The TGFS model was coupled to the N-CO 2 -Jarvis model to estimate tomato stomatal conductance (g sNCO2 ), which is a key factor controlling leaf gas exchange and hence water and carbon balance [START_REF] Lawson | Guard cell metabolism and stomatal function[END_REF][START_REF] Morison | Increasing atmospheric CO 2 and stomata[END_REF]. As the N-CO 2 -Jarvis model considers various environmental variables (radiation, temperature, VPD, soil water content, soil N content, and atmospheric CO 2 concentration) on leaf gas exchange, the resulting integrative model is enhanced. As demonstrated here, the model can be used to investigate the interactions of the environmental conditions with agronomic practices on tomato growth and fruit quality. The TGFS model simulates vegetative and reproductive growth and links the growth of plants and fruits through water and carbon f luxes controlled by ψ stem and Cp. According to the validation against measurements from real tomato plants, the integrative model accurately simulates tomato growth and fruit sugar concentrations.

Simulation results from the integrative model suggest that climate change over the next century would produce an overall increase in tomato growth if current water and N management was continued, which is consistent with some previous findings [START_REF] Mosedale | Climate change impacts and adaptive strategies: lessons from the grapevine[END_REF][START_REF] Kang | Benefits of CO 2 enrichment on crop plants are modified by soil water status[END_REF][START_REF] Kimball | Crop responses to elevated CO 2 and interactions with H 2 O, N, and temperature[END_REF][START_REF] Oliver | Second generation bioenergy crops and climate change: a review of the effects of elevated atmospheric CO 2 and drought on water use and the implications for yield[END_REF]. However, under this scenario, no positive effects on fruit sugar concentrations are predicted. When CO 2 increases from 413.38 μmol mol -1 to 538.36 μmol mol -1 and T a increases from 7.41 • C to 8.83 • C, the simulated FW increases by [START_REF] Von Caemmerer | Some relationships between the biochemistry of photosynthesis and the gas exchange of leaves[END_REF].2%, which is consistent with a range of 19.65% to 43% increment of FW founded in similar combined CO 2 × T a controlled experiments [START_REF] Pimenta | The impact of elevated CO 2 concentration on fruit size, quality, and mineral nutrient composition in tomato varies with temperature regimen during growing season[END_REF][START_REF] Rangaswamy | Assessing the impact of higher levels of CO 2 and temperature and their interactions on tomato (Solanum lycopersicum L.)[END_REF]. Increases in CO 2 and T a would increase the leaf photosynthetic rate significantly (Fig. S3B andC, see online supplementary material), providing more energy and materials for tomato growth [START_REF] Ueyama | Inferring CO 2 fertilization effect based on global monitoring land-atmosphere exchange with a theoretical model[END_REF][START_REF] Leakey | Elevated CO 2 effects on plant carbon, nitrogen, and water relations: six important lessons from FACE[END_REF][START_REF] Li | Deficit irrigation provokes more pronounced responses of maize photosynthesis and water productivity to elevated CO 2[END_REF]. However, future downward trends in stomatal conductance and plant transpiration accumulation (Fig. S3D, see online supplementary material), caused by the increasing CO 2 and T a (Fig. S3E andF, see online supplementary material), indicate that stomatal and non-stomatal controls would coordinately maximise leaf photosynthesis [START_REF] Salmon | Leaf carbon and water status control stomatal and nonstomatal limitations of photosynthesis in trees[END_REF] and save more water from transpiration. FruitW net values higher than FruitC net values (Fig. S3G, see online supplementary material) indicate that SSc would tend to decrease slightly in the future (Fig. 3E), which may be due to the fruit accumulating more water. No significant difference or a slight decrease of tomato fruit soluble sugar concentration were also found in the tomato fruit grown under controlled condition of CO 2 × T a [START_REF] Pimenta | The impact of elevated CO 2 concentration on fruit size, quality, and mineral nutrient composition in tomato varies with temperature regimen during growing season[END_REF][START_REF] Rangaswamy | Assessing the impact of higher levels of CO 2 and temperature and their interactions on tomato (Solanum lycopersicum L.)[END_REF].

It should be noted that other simulation results show a decrease in crop growth under future climate change ( [START_REF] Giuliani | Identifying the most promising agronomic adaptation strategies for the tomato growing systems in southern Italy via simulation modeling[END_REF]). These obvious growth reductions are partly attributed to the extreme RCP scenarios studied and to worse agronomic conditions, such as less irrigation. In [START_REF] Mosedale | Climate change impacts and adaptive strategies: lessons from the grapevine[END_REF] the impact of climate change on grape growth and quality and planting area was reviewed, highlighting the complexity of future predictions, which may be specific to the local environmental conditions, the type of crop and the crop model used [START_REF] White | Methodologies for simulating impacts of climate change on crop production[END_REF]. Although current simulation studies focus mainly on future crop yield, evidence of the negative effects of future climate change on fruit quality can be found in a few studies [START_REF] Giuliani | Identifying the most promising agronomic adaptation strategies for the tomato growing systems in southern Italy via simulation modeling[END_REF][START_REF] Webb | Modelled impact of future climate change on the phenology of winegrapes in Australia[END_REF]. Agronomic strategies will become a key factor for the future sustainability of crop production [START_REF] Cammarano | Impact of climate change on water and nitrogen use efficiencies of processing tomato cultivated in Italy[END_REF][START_REF] Giuliani | Identifying the most promising agronomic adaptation strategies for the tomato growing systems in southern Italy via simulation modeling[END_REF]. With our integrative model, several candidate strategies for soil water and nitrogen levels were identified that represent a good compromise between tomato growth and fruit quality. Reducing N and water supply would affect mature FW and SSc in the future. When the amount of N applied is at a relatively high level, inadequate water input induces an imbalance between plant N and water relations [START_REF] Araus | A balancing act: how plants integrate nitrogen and water signals[END_REF], limiting physiological processes such as transpiration and growth [START_REF] Matimati | Nitrogen regulation of transpiration controls mass-flow acquisition of nutrients[END_REF]. As we found (Fig. 4A), the consequence is that part of the percentage increase in FW is offset with lowers SSc under future climates. When the N is reduced to moderate levels, a mild decrease in water supply likely promotes sugar transport mechanisms and sugar accumulation in berries when carbon assimilation by leaves is slower [START_REF] Bénard | Effects of low nitrogen supply on tomato (Solanum lycopersicum) fruit yield and quality with special emphasis on sugars, acids, ascorbate, carotenoids, and phenolic compounds[END_REF][START_REF] Pastenes | Carbon partitioning to berries in water stressed grapevines: the role of active transport in leaves and fruits[END_REF]. As the intensity of water deficit gradually increases, the corresponding increase in SSc (Fig. 4A) could be due to dehydration because less water accumulates in the fruit [START_REF] Chen | Fruit water content as an indication of sugar metabolism improves simulation of carbohydrate accumulation in tomato fruit[END_REF]. Nevertheless, some positive trends in FW and SSc are found in some of our scenarios. According to our model, severe N and water deficits cannot support a continued increase in tomato FW and SSc in the future, as plant growth and sugar accumulation in fruits would be limited under such conditions [START_REF] Araus | A balancing act: how plants integrate nitrogen and water signals[END_REF]. It should be noted that the response of stomata and growing leaves to soil N content decreasing from supra-optimal to sufficient to deficient could be biphasic, as a previous study [START_REF] Wilkinson | Nitrate signalling to stomata and growing leaves: interactions with soil drying, ABA, and xylem sap pH in maize[END_REF] and the coupled N-CO 2 -Jarvis model shows [START_REF] Zhou | Improved application of the penman-Monteith model using an enhanced Jarvis model that considers the effects of nitrogen fertilization on canopy resistance[END_REF]. Therefore, in some cases, increases in FW under particular N and water management scenarios in the future could be slightly higher than those observed under the probably sub-optimal N2Wck condition. In the context of future climate change, limiting the increase in the FW of mature fruit might significantly improve SSc. For example, by reducing N and water supply by 20% in the future, the SSc of mature tomato fruits may increase by 10.2% compared to SSc values for fruit grown in 2021 conditions and a 27.8% increase in FW can be expected by 2100. Previous studies indicate that the amount of irrigation needed for tomato in the future can be reduced by 5%-40% without a significant loss in yield [START_REF] Saadi | Climate change and Mediterranean agriculture: impacts on winter wheat and tomato crop evapotranspiration, irrigation requirements and yield[END_REF][START_REF] Giuliani | Identifying the most promising agronomic adaptation strategies for the tomato growing systems in southern Italy via simulation modeling[END_REF]. Our results show that this trade-off between tomato FW and soluble sugar concentration could be regulated by N and water input management in the future.

Overall, the TGFS model proved its ability to simulate plant growth and the fruit sugar metabolism of tomato grown in a changing environment, associated with the climate change or with varying agronomical practices. However, the model was greatly simplified as the tomato canopy and fruit were merely assumed to be a 'big leaf' and a 'big truss', respectively. Connecting our TGFS model with a dynamic structural model may be helpful for characterising the development of the tomato canopy structure under different conditions and any subsequent effects on carbon assimilation, growth, and fruit sugar metabolism. This would give a more nuanced picture of tomato growth. In addition, the current version of the TGFS model has some shortcomings that suggest useful ideas for model improvement, mainly including the following: (i) the Jarvis-type of stomatal conductance models didn't consider the interactive effects of external factors on stomatal conductance, which could lead to inaccuracy in simulating the photosynthesis and transpiration; (ii) water and nitrogen stress could affect sink activity and the priority of plant carbon allocation; for example, sever water/nitrogen stress may affect f lowering, fruit set, and lead to a preferential carbon allocation to the root, and the current TGFS model does not account for these responses; and (iii) further studies of photosynthetic biochemical reactions can enrich plant carbon f lux modelling, as the non-structural carbon accumulated in the leaf may have a feedback effect on photosynthesis.

In summary, the whole tomato plant model TGFS we developed in this study considers the impact of nitrogen and CO 2 on interactions between the plant, the fruit, management and the environment, performed well by closely simulating the tomato leaf, stem, root, and fruit growth, as well as fruit soluble sugar and starch concentrations with different irrigation and nitrogen input values. Climate change is predicted to generally have positive effects on tomato growth but not on soluble sugar concentration in the fruit. However, reducing nitrogen input by 15%-25% and irrigation input by 10%-20% from today's baseline may produce bigger and sweeter tomatoes in the future.

Materials and methods

Model integration

We developed an integrative model of tomato plant and fruit growth and fruit sugar metabolism, named TGFS (Fig. 1). The tomato model is based on an explicit description of plant-fruit f luxes of water and carbon that takes into account biological responses to environmental factors and agronomic practices during the post-f lowering stages of tomato. In this model, the wholeplant is conceptually divided into four compartments: leaf, stem, root, and fruit. The tomato canopy was assumed to act like a 'big leaf', carrying out transpiration and photosynthesis. Fruits were assumed to grow on a 'big truss', growing homogeneously. , climate data (R s , total solar radiation; VPD, difference in water vapor pressure of air; T a , air temperature; RH, relative humidity of air; CO 2 , atmospheric CO 2 concentration) and agronomic practice (θ, soil water content of the root zone; N, soil nitrogen content of the root zone). The tomato canopy is assumed to be a 'big leaf' whose exchange of gaseous water and CO 2 are determined by stomatal conductance (g sNCO2 ), which thus integrates the environmental data. Information on g sNCO2 feeds into the plant water module (blue dashed outline), and the plant carbon module (green dashed outline). It is assumed that the amount of carbon loaded to phloem from the leaf equals the amount of carbon unloaded to the stem, root, and fruit from phloem, and the carbon unloading rates for these organs depend on the sucrose concentration in phloem sap (Cp) and their respective sink activity. In the fruit module (orange dashed outline), water enters the fruit from phloem/xylem, driven by the water potential gradient between the stem and the fruit. Thus, the fruit module is coupled with the plant water and carbon modules by water potential gradient and Cp. Model outputs are fresh and dry weight of organs and the concentrations of soluble sugar and starch in fruit.

The TGFS model integrates a plant water module, a plant carbon module and a fruit module (Fig. 1). For the water resource, water f luxes are driven by gradients in water potential. Water enters the plant from the soil by root absorption and dissipates into the atmosphere mainly through leaf transpiration. The f lux of water to the fruit is driven by the difference in water potential between the stem and the fruit. In the plant carbon module, the Farquhar model is used to calculate the carbon assimilation by the canopy [START_REF] Von Caemmerer | Some relationships between the biochemistry of photosynthesis and the gas exchange of leaves[END_REF]. The improved N-CO 2 -Jarvis stomatal conductance model [START_REF] Li | Improving the representation of stomatal responses to CO 2 within the penman-Monteith model to better estimate evapotranspiration responses to climate change[END_REF][START_REF] Zhou | Improved application of the penman-Monteith model using an enhanced Jarvis model that considers the effects of nitrogen fertilization on canopy resistance[END_REF] was on the one hand used to control the leaf transpiration, and on the other hand it was coupled to the Farquhar model to ref lect the effects of weather factors, soil water and N content, and atmospheric CO 2 concentrations on leaf carbohydrate production. Carbohydrates synthesised in the leaf are loaded into the phloem as sucrose, then allocated to the stem, root and fruit. In the fruit module, the water and carbon f luxes to the fruit are related to the stem water potential (ψ stem ) and concentration of sucrose in the phloem solution (Cp), thus linking plant and fruit growth. Tomato fruit growth was simulated with the fruit growth model [START_REF] Liu | Model-assisted analysis of tomato fruit growth in relation to carbon and water fluxes[END_REF] and tomato sugar metabolism was modelled with the fruit sugar model TOM-SUGAR [START_REF] Chen | Fruit water content as an indication of sugar metabolism improves simulation of carbohydrate accumulation in tomato fruit[END_REF]. The details of each module are presented in more detail in the following sections.

The N-CO 2 -Jarvis stomatal conductance model

The canopy, essentially a "'big leaf', is the main site of CO 2 and water vapour exchange, which are both governed by stomatal conductance [START_REF] Lawson | Guard cell metabolism and stomatal function[END_REF][START_REF] Morison | Increasing atmospheric CO 2 and stomata[END_REF]. Therefore, stomatal conductance was considered as a breakthrough point to ref lect the effects of meteorological factors, soil water, soil N, and CO 2 concentration on gas exchange. Here, stomatal conductance was simulated using the N-CO 2 -Jarvis model adapted from [START_REF] Li | Improving the representation of stomatal responses to CO 2 within the penman-Monteith model to better estimate evapotranspiration responses to climate change[END_REF][START_REF] Zhou | Improved application of the penman-Monteith model using an enhanced Jarvis model that considers the effects of nitrogen fertilization on canopy resistance[END_REF].

g sNCO2 = g s max × f R ' n f (T a ) f (VPD)f (θ) f (N)f (CO 2 ) (2)
In this expression, g smax is the maximum leaf stomatal conductance (mol H 2 O m -2 s -1 ); g sNCO2 is the actual stomatal conductance after considering the effects of net solar radiation intercepted by the canopy (R n , MJ m -2 h -1 ), air temperature (T a , • C), VPD (VPD, kPa), soil water content (θ, cm 3 cm -3 ), soil mineral N content (N, mg kg -1 ), and atmospheric CO 2 concentration (CO 2 , μmol mol -1 ). The reduction functions of the N-CO 2 -Jarvis stomatal conductance model are presented in Method S1 (see online supplementary material). Model variables are summarised in Table S1 (see online supplementary material) and the details of model parameters are shown in Table S2 (see online supplementary material).

Plant water module

The leaf transpiration rate (Tr, g h -1 ) was calculated based on g sNCO2 and related to VPD and leaf area (LA) [START_REF] Duursma | Plantecophys -an R package for analysing and modelling leaf gas exchange data[END_REF] as follows: Tr is assumed to be equal to the rate of water absorption by the roots, driven by the water potential gradient between the soil and stem. Soil water potential (ψ soil , MPa) was estimated from the soil water content (hourly dynamics given as model input) according to a characteristic soil moisture curve. Thus, the stem water potential (ψ stem , MPa) was obtained as follows,

Tr = VPD × g sNCO2 × LA (3)
ψ stem = ψ soil -Rp × Tr (4)
where Rp was the hydraulic resistance from the soil to the tomato stem (MPa h g -1 ). Rp was estimated from sap-f low measurements ψ stem and ψ soil by [START_REF] Zhou | Nitrogen application modified the effect of deficit irrigation on tomato transpiration, and water use efficiency in different growth stages[END_REF] as presented in Fig. S4 (see online supplementary material).

Plant carbon module

To simulate the leaf photosynthesis (Pn), g sNCO2 was coupled with the Farquhar model [START_REF] Von Caemmerer | Some relationships between the biochemistry of photosynthesis and the gas exchange of leaves[END_REF][START_REF] Farquhar | A biochemical model of photosynthetic CO 2 assimilation in leaves of C3 species[END_REF]. Negative linear relationships between plant age and the Farquhar parameters Vcmax and Jmax were detected over the simulation period and included in the modelling (Fig. S5, see online supplementary material). The carbon in the leaf compartment (C t , g C) is composed of the structural carbon (C str , g C) and non-structural carbon (C ns , g C).

Downloaded from https://academic.oup.com/hr/article/10/5/uhad045/7076871 by INRA -DOCUMENTATION user on 19 September 2023 The in the C str pool is dependent on its size and on availability of non-structural carbon [START_REF] Hilty | Plant growth: the what, the how, and the why[END_REF], so the size of this carbon sink was calculated according to:

dC str dt = C str × K ml × C ns C ns + C str (5)
where K ml is the maximal relative accumulation of structural carbon mass in the leaf (h -1 ). The amount the non-structural carbon pool in the leaf (C ns ) is determined by the overall carbon balance between leaf photosynthesis, carbon loaded into the phloem, consumption due to respiration, and structural growth. Thus, the change in C ns was described as:

dC ns dt = Pn × LA -Loading leaf -Mresp leaf - dC str dt ( 6 
)
where Loadingleaf is the loading rate of carbon into phloem and Mrespleaf is the leaf respiration rate (g C h -1). LA is calculated from Cstr and the specific leaf area of structural carbon (SLAs, Table S2, see online supplementary material).

LA = C str × SLAs (7)
The carbon consumed by leaf respiration (Mrespleaf , g C h -1) includes maintenance respiration and growth respiration,

Mresp leaf = q mleaf DW leaf Q 10
(Ta-20)/10 + q gleaf dC str dt [START_REF] Cammarano | Impact of climate change on water and nitrogen use efficiencies of processing tomato cultivated in Italy[END_REF] where DW leaf is the leaf dry weight (g), and Q 10 is a temperature sensitivity coefficient for maintenance respiration, while q mleaf and q gleaf are the coefficients for leaf maintenance and growth respiration, respectively (Table S2, see online supplementary material).

The carbon loading rate into the phloem is related to the carbon loading capacity of the leaf itself and of the leaf non-structural carbon content [START_REF] Dewar | Exploring optimal stomatal control under alternative hypotheses for the regulation of plant sources and sinks[END_REF][START_REF] Pastenes | Carbon partitioning to berries in water stressed grapevines: the role of active transport in leaves and fruits[END_REF]. Here we used the following equation to describe the carbon loading rate:

Loading leaf = LA × V maxleaf × C ns / (C ns + C str ) K mleaf + C ns / (C ns + C str ) (9) 
where V maxleaf is the maximum leaf carbon loading rate per unit LA and K mleaf was the Michaelis-Menten constant for leaf carbon loading [START_REF] Zhu | Modelling grape growth in relation to whole-plant carbon and water fluxes[END_REF] (Table S2, see online supplementary material). The leaf dry weight can be calculated as:

DW leaf = C ns + C str c leaf ( 10 
)
where c leaf is the carbon amount in 1 g of leaf dry mass, which has the value of 0.36 g C (g DW) -1 for tomato leaves [START_REF] Gary | Ontogenic changes in the construction cost of leaves, stems, fruits, and roots of tomato plants[END_REF].

Carbon loaded from the leaf to the phloem is then allocated to the stem, root, or fruit. Carbon unloaded from the phloem by the stem and root is used for growth and respiration. The rates of carbon unloaded by the stem and root (Uptake stem and Uptake root ) are related to the sink size (carbon content of stem C stem and carbon content of root C root , both in g C), sucrose concentration in the phloem solution (Cp), and plant developmental stage. Carbon uptake by the stem and root are expressed as: where the subscript x indicates variables related to either the stem or the root; K p is the maximum rate coefficient of stem or root growth; A p is the attenuation coefficient of the stem or root growth rate; and B p is the time coefficient of stem or root growth rate attenuation, detailed in Table S2 (see online supplementary material).

Uptake x = C x × K p→x 1 + exp A p→x × t -B p→x × Cp (11)
Changes in carbon amounts in the stem or root during plant growth can be expressed as follows:

dC x dt = Uptake x -Mresp x ( 12 
)
Mresp x = q mx DW x Q 10 (Ta-20)/10 + q gx dC x dt [START_REF] Bertin | Seasonal evolution of the quality of fresh glasshouse tomatoes under Mediterranean conditions, as affected by air vapour pressure deficit and plant fruit load[END_REF] The dry weight of the stem or root (DW x ) can be calculated from the total amount of carbon in the organ and the amount of carbon in 1 g of the respective dry mass (c x , g C (g DW) -1 ; Table S2, online supplementary

DW x = C x c x ( 14 
)

Fruit module

The tomato fruit is mainly a carbon sink. Carbon allocated to fruit is used for fruit growth and respiration while soluble sugars and starches accumulate (Fig. 1). Thus, the tomato fruit growth model [START_REF] Liu | Model-assisted analysis of tomato fruit growth in relation to carbon and water fluxes[END_REF] and the fruit sugar model (TOM-SUGAR) [START_REF] Chen | Fruit water content as an indication of sugar metabolism improves simulation of carbohydrate accumulation in tomato fruit[END_REF] were coupled in the integrative TGFS model to simulate the dry weight (DW) and fresh weight (FW) of individual fruit and the concentrations of soluble sugar and starch they contain. The plant water and carbon modules simulate the fruit module inputs, which are stem water potential (ψ stem ) and sucrose concentration in the phloem solution (Cp). The carbon absorbed by the fruit can be described as follows:

Uptake fruit = U s × c suc × Fn ( 15 
)
where U s is the rate of sucrose input from the phloem to the fruit (g h -1 ), whether by active transport, mass f low or passive diffusion (detailed in Method S2 (see online supplementary material) and [START_REF] Chen | Modelling predicts tomatoes can be bigger and sweeter if biophysical factors and transmembrane transports are fine-tuned during fruit development[END_REF][START_REF] Liu | Model-assisted analysis of tomato fruit growth in relation to carbon and water fluxes[END_REF]). Fn is the number of fruits on one plant. Details of how the fruit growth model is coupled to the TOM-SUGAR model are presented in Methods S2 (see online supplementary material). The parameters used in the fruit module are summarised in Table S3 (see online supplementary material). The amount of carbon loaded from the leaf was assumed to be equal to the amount of carbon unloaded by the stem, root, and fruit.

Loading leaf = Uptake stem + Uptake root + Uptake fruit [START_REF] Yang | Combined effect of partial root drying and elevated atmospheric CO 2 on the physiology and fruit quality of two genotypes of tomato plants with contrasting endogenous ABA levels[END_REF] The sucrose concentration in phloem sap, Cp, can be obtained at the whole plant level by solving the combination of equations 5-16.

Experimental conditions

Experimental data were used to calibrate and validate the models. The data were collected from experiments where indeterminate tomato plants (Lycopersicon esculentum, cv. Jinpeng 11) were grown in pots seasonally provided with different amounts of water and N in the summer of 2015 (Experiment A), the summer of 2016 (Experiment B) and the winter of 2016-2017 (Experiment C). Experiments included low, moderate, and high N application under full irrigation (N1Wck, N2Wck, and N3Wck) and moderate N application with whole-season irrigation deficit (N2DI). Five trusses of Downloaded from https://academic.oup.com/hr/article/10/5/uhad045/7076871 by INRA -DOCUMENTATION user on 19 September 2023 pot-grown tomato were kept after transplantation. Plant age was expressed as days after anthesis (DAA). During the experiment, meteorological factors, soil water content, soil mineral N content, and plant variables such as leaf area, organ dry mass, leaf gas exchange, and plant transpiration were measured. Experimental design and measurements are detailed in Method S3 (see online supplementary material). Flowers on the second and third trusses were marked with their pollination date. Samples or measurements were taken from fruits marked with similar pollination dates, assuming these fruits were of the same age and constituted the 'big truss' compartment. Quality traits such as fresh and dry weight of fruit and their soluble sugar and starch contents were measured from 10 days after anthesis at intervals of 5-10 days.

Model input and initial conditions

The integrative model is driven by meteorological factors, including solar radiation (R s ), air temperature (T a ), relative humidity (RH), atmospheric CO 2 concentration (CO 2 ), and factors related to agronomic practices including soil water content (θ ) and soil mineral nitrogen content (N). To initialise the model, the dry weight of the leaf, stem, and root, the structural and non-structural carbon fractions in the leaf, individual fruit FW, DW, and total soluble sugar and starch concentrations in fruit are required as starting values for the simulation.

Model calibration and validation

The Farquhar and N-CO 2 -Jarvis models were calibrated using a dataset of meteorological factors, soil water, soil N content, leaf area, and leaf stomatal conductance obtained in Experiment C. The N-CO 2 -Jarvis model parameters were estimated with the optim function in R using the Nelder-Mead method. Farquhar model parameters Jmax and Vcmax were fitted by the fitacis function in the 'plantecophys' R package with measured A-Ci curves (photosynthesis rate at varying CO 2 concentrations) obtained from Experiment B using the bilinear method. The photosynthesis rate was calculated using the Photosyn function in the 'plantecophys' R package.

The parameters of the plant and fruit carbon modules were calibrated at the whole-plant scale, including parameters of plant growth (K ps , A ps , K pr , A pr ), fruit growth (v m , t * , τ , axp, k phi , τ s ), and fruit sugar metabolism (λ, n, k 5 , k 5m0 , u 5m , τ 5m ) using the data related to meteorological factors, soil water, soil N content, organ dry weight, and fruit sugar concentrations from N2Wck in Experiment A.

Datasets from N3Wck in Experiment A and N1Wck and N2DI in Experiment C were reserved for validation of the integrative TGFS model. A genetic algorithm was applied to search for the best parameter combination that minimised the objective criterion in Eqn. 17 [START_REF] Wallach | Parameter estimation for crop models: a new approach and application to a corn model[END_REF] implemented with the ga function in the R package 'GA' [START_REF] Scrucca | GA: a package for genetic algorithms in R[END_REF]. criterion = (yoDWl-ysDWl) To solve the integrative model, the ode solver in the R package 'deSolve' [START_REF] Soetaert | Solving differential equations in R: package deSolve[END_REF] was applied for the numerical computation. The mean absolute error (MAE) and relative root mean squared errors (RRMSE) of plant growth and fruit sugar concentrations were calculated to evaluate the goodness of fit of the model using Eqn. 18 and 19 respectively [START_REF] Wallach | Model evaluation[END_REF]. All data analyses, parameter estimation, and model solving were performed using R software [START_REF] Core | R: A Language and Environment for Statistical Computing[END_REF]. 

Future climate conditions and scenario simulations

To predict how plant growth and fruit quality might respond to future climate changes, we implemented the integrative TGFS model to take future climate change into account. Possible future climate situations were obtained using a statistical downscaling method on a CNRM-CM5 climate model [START_REF] Guo | Parameter sensitivity analysis of SWAT model for streamflow simulation with multisource precipitation datasets[END_REF][START_REF] Su | Runoff Simulation Under Future Climate Change and Uncertainty[END_REF]. Simulated future data is downscaled based on the observed data of the Shiyang River Basin meteorological station where our experiments were conducted. The predicted future climate data is in an RCP4.5 medium emission scenario [START_REF] Singh | Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF], the most likely and representative future scenario [START_REF] Ebi | A new scenario framework for climate change research: background, process, and future directions[END_REF][START_REF] Taylor | An overview of CMIP5 and the experiment design[END_REF], with CO 2 concentration at 550 ppm by 2100. Temperature data was interpolated from a day scale to an hour scale based on sinusoidal function and the occurrence time of the maximum and minimum temperature is set as 1 p.m. and 1 a.m. The future air temperatures and CO 2 concentrations are shown in Fig. S6 (see online supplementary material). Simulations were run with the integrative model using settings to ref lect future climate and to explore the possible effects of irrigation and nitrogen application on tomato growth and fruit sugars in those conditions. Given previous results [START_REF] Zhou | Nitrogen application modified the effect of deficit irrigation on tomato transpiration, and water use efficiency in different growth stages[END_REF], N2Wck was set as the reference condition for N and water application. Thus, in the sustainability scenarios, the amounts of N and water input were decreased from 100% to 60% of N2Wck levels at 5% intervals, thus giving nine levels for each variable and a total of 81 scenarios. The N and water input in these scenarios are N2Wck values multiplied by coefficients corresponding to the N and water levels.

simulation results; H.Z. wrote the draft and all authors contributed to revising the paper.
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Figure 1 .

 1 Figure 1. Schematic diagram of the integrated Tomato plant and fruit Growth and Fruit Sugar metabolism (TGFS) model. The inputs (upper blue banner) of the integrative model include location (latitude and longitude), time (Doy, day of year; Hour, simulated time of the day; DAA, days after anthesis), climate data (R s , total solar radiation; VPD, difference in water vapor pressure of air; T a , air temperature; RH, relative humidity of air; CO 2 , atmospheric CO 2 concentration) and agronomic practice (θ, soil water content of the root zone; N, soil nitrogen content of the root zone). The tomato canopy is assumed to be a 'big leaf' whose exchange of gaseous water and CO 2 are determined by stomatal conductance (g sNCO2 ), which thus integrates the environmental data. Information on g sNCO2 feeds into the plant water module (blue dashed outline), and the plant carbon module (green dashed outline). It is assumed that the amount of carbon loaded to phloem from the leaf equals the amount of carbon unloaded to the stem, root, and fruit from phloem, and the carbon unloading rates for these organs depend on the sucrose concentration in phloem sap (Cp) and their respective sink activity. In the fruit module (orange dashed outline), water enters the fruit from phloem/xylem, driven by the water potential gradient between the stem and the fruit. Thus, the fruit module is coupled with the plant water and carbon modules by water potential gradient and Cp. Model outputs are fresh and dry weight of organs and the concentrations of soluble sugar and starch in fruit.

Figure 2 .

 2 Figure 2. Calibration and validation of the integrative TGFS model with different N and irrigation inputs. Observed (triangles) and simulated (curves) dynamics of (A) leaf dry weight (DW leaf ), (B) leaf area (LA), (C) stem dry weight (DW stem ), (D) root dry weight (DW root ), (E) individual fruit fresh weight (FW), (F) individual fruit dry weight (DW), (G) fruit soluble sugar concentration relative to FW (SSc), and (H) starch concentration relative to FW (Stac) in days after anthesis (DAA) throughout the plant growing season. Symbols and error bars represent means and standard deviations of the measurements (n = 3-5), respectively. The model was calibrated against measurements from plants treated with moderate N application and full irrigation (N2Wck). The model was validated against measurements from plants treated with high amounts of N and full irrigation (N3Wck), low amounts of N and full irrigation (N1Wck), or moderate amounts of N with an irrigation deficit (N2DI).

Figure 3 .

 3 Figure 3. Simulations of tomato (A) leaf dry weight (DW leaf ), (B) leaf area (LA), (C) dry weight of stem (DW stem ) and root (DW root ), (D) individual fruit fresh (FW) and dry weight (DW), (E) soluble sugar concentration (SSc), and (F) starch concentration (Stac) of mature fruit from 2021-2100 under the simulated changing climate. For each trait, the average value in the last 5 days of each growing season is taken as the final value of that season.

Figure 4 .

 4 Figure 4. Changes in the mature tomato fruit fresh weight (ΔFW, %) and soluble sugar concentration (ΔSSc, %) between 2021 and 2100 according to various possible sustainable scenarios using less nitrogen (N) and water (W) under future climate change. A The position of bubbles in the figure shows the percentage difference in FW and SSc at the end of the different scenarios and their respective values in the reference condition in 2021 (N2Wck), which can be expressed asΔ = NiWi [final] -N2Wck [initial] N2Wck [initial] × 100, where Δ refers to percentage differences in FW or SSc of mature tomato fruit in different N and water scenarios, NiWi [final] is the average of the five values of FW or SSc of mature fruit from 2096 to 2100 under NiWi, and N2Wck [initial] is the value of FW or SSc of mature fruit in 2021 for the N2Wck condition. The average value of the last five years of the simulation was used as the endpoint to avoid interannual uncertainty. N and water input levels relative to the reference level are represented by the bubble size and color as shown in the legend. Change in FW and SSc in the future under the reference condition is marked with a filled black triangle. B Values for selected sustainable scenarios highlighted in (A) by filled circles.

Table 1 .

 1 , see online supplementary material). Additionally, the estimated interannual variability in soluble sugar in mature fruit in the future Goodness of fit estimated by mean absolute error (MAE) and relative root mean square error (RRMSE) between the measured and simulated tomato leaf dry weight (DW leaf ), leaf area (LA), stem dry weight (DW stem ), root dry weight (DW root ), individual fruit fresh weight (FW), and dry weight (DW), as well as concentrations of soluble sugar and starch in fruit (SSc and Stac respectively) for pot-grown tomato treated with different amounts of N and water. The units MAE in the table are the same as those of the corresponding variables.
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Note: Datasets from N2Wck in Experiment A were used for calibration. Datasets from N3Wck in Experiment A, N1Wck and N2DI in Experiment C were used for validation.
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  oDWl , y oDWs , y oDWr , y oDWf , y oFWf , y osol , and y osta are the experimentally observed values for leaf dry weight, stem dry weight, root dry weight, fruit dry weight, fruit fresh weight, fruit soluble sugar content, and fruit starch content, respectively. y sDWl , y sDWs , y sDWr , y sDWf , y sFWf , y ssol , and y ssta are their respective simulation values. var oDWl , var oDWs , var oDWr , var oDWf , var oFWf , var osol , and var osta are the variances of the observed values.

	(yoDWf -y sDWf ) 2 var oDWf	2 (yoFWf -y sFWf ) 2 varoDWl + (yoDWs-ysDWs) 2 varoDWs + var oFWf + (yosol-yssol) 2 + (yoDWr-ysDWr) 2 varoDWr varosol varosta + (yosta-yssta) 2 +	(17)

y
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