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Abstract 

Urban vegetation provides many ecosystem services like heat island mitigation. However, urban trees 

are subjected to the stresses that they are meant to alleviate, with drought being a main constraint. 

We investigated the drought response strategy of plane trees (Platanus × hispanica), focusing on 

stomatal regulation and metabolic remodelling. To address this question, a semi-controlled experiment 

was performed in an urban site with fourteen plane trees grown in containers. From May to June 2022, 

those trees were physiologically characterized in response to a controlled edaphic drought completed 

by a targeted metabolome analysis focused on amino acids, sugars, polyols and organic acids.  Early P. 
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× hispanica response to drought consisted in stomatal closure limiting carbon assimilation and osmotic 

adjustment, which was likely related to malate and trehalose accumulation. Both allowed the 

maintenance of stem water potential and Relative Water Content. As the drought became severe, when 

the extractable soil water content (eSWC) dropped below 30%, a non-stomatal limitation of 

photosynthesis was observed and was associated with photosynthetic apparatus damage (reduced 

chlorophyll content and decrease in Fv/Fm) and a further decline in carbon assimilation. When eSWC 

decreased below 25%, severe drought induced defoliation. Together, these results highlight the 

isohydric strategy of P. × hispanica, based notably on osmotic adjustment and explain its resistance to 

drought combined with other urban constraints. In the context of climatic change in cities, it would be 

interesting to analyse the impact of successive drought cycles in the long term, aiming for sustainable 

planning and management of urban trees. 

 

1 Introduction 

Vegetation in urban areas is widely acknowledged as a source of many ecosystem services. These 

services include mitigating the heat island effect, reducing air pollutants, storing carbon, managing 

water runoff, promoting biodiversity, and enhancing the well-being of city inhabitants (Roy et al. 2012; 

Larondelle and Lauf 2016). However, urban forests and urban trees, particularly, are also subjected to 

the stresses that they are meant to alleviate (Calfapietra et al. 2015; Barradas and Esperon-Rodriguez 

2021). Indeed, cities are often described as ‘heat islands’ and may be characterized by poor air quality 

and limited space for root growth and canopy expansion. Thus, urban trees are prone to both 

atmospheric and soil drought stresses, conditions that are inciting and contributing factors leading to 

enhanced tree mortality, notably during the establishment phase corresponding to the first five years 

post-planting (Roman and Scatena 2011; Lawrence et al. 2012; Hilbert et al. 2019; Czaja et al. 2020). In 

addition, climate change increases the vulnerability of urban trees, with recent estimates suggesting 

that 50% of these tree species are currently beyond their ‘safety margin’ (Esperon-Rodriguez et al. 

2022). This study classified Platanus species as out of their safety margins in several European cities, 

mainly in relation to the lack of precipitation (P. occidentalis) and high temperature (P. orientalis). Trees 

belonging to the genus Platanus are common in many cities worldwide; Platanus × hispanica is among 

the most planted species in cities across Europe, including the Mediterranean regions (Tattini et al. 

2015) and it is also prevalent in cities in Australia (Sanusi and Livesley 2020), Japan (Tan et al. 2021), 

China (Ju et al. 2017) and in the USA (Sherman et al. 2016). According to the Paris trees database 

(https://opendata.paris.fr; data April 2023), 18% of the trees inventoried and 38% of street trees are 

London plane trees. Indeed, many plane trees are found in street alignments, where they are exposed 
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to high pollution levels and restricted growing spaces and water supply. The hybrid Platanus × hispanica 

(also known as Platanus × acerifolia, London plane, or common plane), a cross between P. occidentalis 

and P. orientalis, is generally identified using morphological parameters. However, molecular tools are 

recommended for precise species identification, notably to differentiate the hybrid from its parent 

species (Lang 2010; Rinaldi et al. 2019; Besnard et al. 2022). Until recently, plane trees have exhibited 

stress resilience under urban conditions (Tello et al. 2000; Sanusi and Livesley 2020; Paris city 2023), 

some of them becoming heritage trees. Despite the sensitivity of P. x hispanica to canker stain 

(Ceratocystis fimbriata platani) and recent efforts to diversify urban tree populations, plane trees 

remain highly popular among green space planners.  Generally, young trees are quite susceptible to 

the harsh urban environment, notably during their first years post-planting (Sherman et al. 2016). Given 

that drought is identified as the main inciting and contributing biophysical factor to urban tree mortality 

(Whitlow et al. 1992; David et al. 2018; Hilbert et al. 2019), it is essential to improve knowledge on the 

responses of young plane trees to water limitation. Several studies carried out on adult urban trees 

have shown that P. × hispanica displays moderate drought tolerance to water deficit, based on the 

analysis of growth parameters (Gillner et al. 2015; Gatto et al. 2021; Hirsch et al. 2023). To date, only 

three studies report on the response mechanisms to drought of containerized young Platanus × 

acerifolia hybrid trees, with contradictory conclusions regarding their water-saving strategy. While 

isohydry characterized the overall response to water stress of two-year-old plane trees grown in 20 L 

containers (Tattini et al. 2015), 4-6 years old plane trees planted in 50 L containers and exposed to 

reduced water supply were qualified as anisohydric (Dervishi et al. 2023; Rahman et al. 2023). To 

address the knowledge gaps on Platanus responses to drought, our study focused on seven-year-old 

plane trees (P. × hispanica) suitable for street planting as alignment trees but still small enough to be 

containerized to facilitate the control of water supply. To mitigate some limitations associated with 

container-grown trees (Rahman et al. 2023), large containers (500 L) were used. Furthermore, to mimic 

urban conditions accurately, the experiment was conducted outdoors in an urban environment near 

Paris, France, where uncontrolled air quality, pathogen attacks and heat waves were combined. The 

aim of this study was to exhaustively characterize urban plane tree responses to imposed edaphic 

drought using morphological, physiological and biochemical parameters and their interplay. In 

particular, we tested whether stomatal regulation and metabolic remodelling contributed to an 

isohydric strategy in P. × hispanica. In addition, the application of an extended period of drought 

allowed us to characterize severe stress responses in plane trees.  
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2 Materials and methods 

2.1 Plant material and experimental setup 

Fourteen plane (Platanus × hispanica) trees were grown individually in black containers placed on 

wooden pallets lying on black asphalt pavement in the city of Vitry-sur-Seine, France (48° 46' 36" N, 2° 

22' 32" E) (Fig. S1). The five-year-old trees (4 m high) were provided by the tree nursery of “Ville de 

Paris” (Achère la Forêt) in February 2020. They were planted in 500 L-containers (truncated cones, 

lower diameter: 0.8 m, upper diameter: 1m, height: 0.8 m) filled with a substrate commonly used by 

the Green Spaces Unit of “Ville de Paris”  (Fig. S1f). In the courtyard, the pots were organized in two 

rows (trees 1-7 A and 1-7 B) oriented east to west. They were equipped with total rainfall exclusion 

systems. Before the application of the drought treatment, trees were watered one to three times per 

week, depending on the weather conditions. Between May 16 and June 17 2022 (i.e. for 29 days), seven 

of the 14 trees were subjected to controlled drought by water withholding. These trees had already 

experienced a moderate drought imposed by water withholding in 2021. Trees 7A and 7B were used 

for destructive or disturbing measurements (to establish the models for the determination of leaf 

projected area and leaf chlorophyll content). The other 12 trees represented six biological replicates 

for each watering treatment (drought and control treatments).  

2.2 Meteorological parameters and soil water content 

At the study site, meteorological data were measured every ten seconds at a height of 2 m. Air 

temperature and humidity were measured with a HMP45A thermohygrometer (Vaisala), 

Photosynthetically Active Radiation (PAR) was quantified with a Li-190 PAR quantum-meter (LI-COR). 

Data recorded with a CR1000 datalogger (Campbell Scientific) were averaged over ten-minute-periods 

and are available online (DOI: 10.5281/zenodo.12742190). Weekly, the water content of the potting 

soil was determined from a core bored vertically over the entire vertical profile, using a soil core 

sampler. Small volumes of soil (~ 0.03 L) were collected every 10 cm at depths of 20-50 cm. For each 

depth, fresh samples were weighted (FW) and oven-dried for one week at 60°C, to obtain their dry 

mass (DW). Soil gravimetric water content (SWC) expressed as the mass of water per mass of dry soil 

(gH20 gsoil DW
-1) was calculated as: (FW-DW)/FW and then expressed as extractable Soil Water Content 

(eSWC), using the previously determined available water capacity of 0.68 gH20 gsoil DW
-1. 

2.3 Genotyping of plane trees 

DNA was extracted from leaf samples collected from the young plane trees and from reference trees 

using the CTAB method (Doyle and Doyle 1990). The reference trees were hybrid planes Platanus × 

hispanica and trees belonging to the parent species of the hybrid planes, i.e. Platanus occidentalis and 

Platanus orientalis. Reference trees were found at French national botanical gardens, the ‘Jardin des 
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Plantes’ in Paris and the ‘Arboretum de Versailles-Chèvreloup’ (Muséum National d’Histoire Naturelle, 

France; Table S1). Genetic diversity was analysed using 10 microsatellites markers, according to Lang 

(2010) and Rinaldi et al. (2019) (Table S2) after PCR amplification with DreamTaq polymerase 

(ThermoFischer Scientific), using 10 ng of template DNA. The PCR program was initiated at 94°C for 3 

min, followed by 35 cycles at 94°C for 30 s, 61°C for 30 s, 72°C for 1 min, and a final elongation of 7 min 

at 72°C. The amplified products were analysed at the genomic platform of the « Institut Mondor de 

Recherche Médicale » in Créteil (France) with a Seq Studio genetic analyser. The amplicon size analysis 

was performed using a microsatellite analysis software (Appliedbiosystems®: Microsatellites).  

2.4 Allometry measurements 

At the beginning of the experiment, branches (one per tree) located at similar heights were selected. 

Every two weeks, the number of leaves per branch, the length of their major vein, and their 

physiological state (levels of chlorosis, necrosis, yellowing and presence of Corythucha ciliata) were 

visually evaluated and recorded. Chlorosis corresponded to the presence of localized bleaching due to 

lace bug bites, necrosis to localized brown leaf surfaces and yellowing to an overall yellowish foliar 

coloring. Individual leaf lifespan and leaf production were monitored by tagging leaves with colored 

threads. The leaf projected area was predicted from the vein length data, using the model described in 

Fig. S3. 

2.5 Ecophysiological parameters  

The ecophysiological measurements were performed on leaves located in the middle of the tree canopy 

(ca. 2 m above the base of the trunks).  

2.5.1 Stem water potential 

Once a week, stem water potential (Ψstem) was measured at around 14:00 local time using a PMS1000 

Scholander pressure chamber (PMS instrument Co.). One leaf per tree was dark-acclimated in 

aluminium foil for at least two hours before the measurement to allow equilibrium between the leaf 

and stem water potentials (Naor 1998; Agliassa et al. 2021; Blanco et al. 2021). The equilibrated leaves 

were cut at the base of the petiole with a razor blade and quickly enclosed in the pressure chamber, 

with the petiole section protruding. The pressure inside the chamber was gradually increased (0.03 

MPa s-1) until xylem sap moistened the petiole section. At this point, the pressure inside the chamber 

was recorded and corresponded to the opposite of Ψstem (MPa). 
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2.5.2 Leaf relative water content 

Leaf Relative Water Content (RWC) measurements were carried out once a week (except on week 22) 

on 5 leaf discs taken from the upper part of the canopies. The total fresh mass of these 5 discs was 

weighed (FW), then they were placed on distilled water with the abaxial side on water surface, at 4°C 

during 6 h in the dark, until fully turgid. The turgid weight (TW) of the discs was measured and their 

dry weight (DW) was obtained after 48 hours in an oven at 60°C. The RWC was calculated according to 

the following formula: RWC (%) = (FW − DW) / (TW − DW) * 100 (Barrs and Weatherley 1962). 

2.5.3 Gas exchange and chlorophyll fluorescence measurements 

Leaf gas exchanges were measured using a portable infra-red gas analyser CIRAS 3 (PPSystems) coupled 

to a CFM-3 light and chlorophyll fluorescence module. Air flow entering the cuvette was set to 300 mL 

min-1, with a constant CO2 concentration of 410 ppm, a water vapor partial pressure of 1.5 kPa and leaf 

temperature maintained at 25°C. Light intensity was set to 1000 µmol.m-².s-1 PPFD. Measurements 

were taken when both A, Gs and Ci were stable, generally three min after leaf insertion in the cuvette. 

They were repeated on three different leaves per tree. 

Stomatal conductance of the abaxial leaf surface was measured using an AP-4 leaf porometer (Delta-

T) at ambient temperature and light conditions, following the manufacturer’s instructions. Three leaves 

(those used for gas exchange measurements or the nearest) were considered on the same branch and 

five measurements were taken per leaf and were measured multiple times during daylight hours. 

Maximal quantum yield of Photosystem II (PSII) was measured with a PAM 2500 fluorimeter (Walz) on 

leaves that were dark-acclimated for at least 30 min, using DLC-8 Dark Leaf Clips (Walz). After 

measurement of the minimum fluorescence in the dark-adapted state (F0), a short, strong pulse of red 

light (intensity 10; 0.1 s) was applied to measure the maximal fluorescence (Fm). Maximal quantum 

yield of PSII was calculated using the equation Fv/Fm = (Fm-F0)/Fm (Genty et al. 1989). 

Leaf gas exchange and chlorophyll fluorescence analyses were performed using the equipment 

provided by the PRAMMICS platform (OSU-EFLUVE UAR 3563). 

2.5.4 Pigment contents 

Immediately after gas exchange, stem water potential and chlorophyll fluorescence measurements, the 

respective leaves were used for chlorophyll content and flavonol index determination using a DUALEX 

device (Force-A; Cerovic et al. 2012). Each value represented the average of five measurements per 

leaf. Each week, values were averaged for each tree. Dualex indices were converted to chlorophylla+b 

contents (in µg cm-2), using the linear correlation found between Dualex indices and 
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spectrophotometrically determined total chlorophyll concentrations obtained after extraction with 

acetone 80% (Lichtenthaler, 1987) from 22 plane leaves presenting different physiological states 

(Dualex index = 0.5222[Chla+Chlb], with R² = 0.8953). 

2.5.5 Carbon and nitrogen elementary and stable isotope analyses 

Leaf sampling for 13C isotopic analyses occurred before (13 May 2022) and at the end of the drought 

period (16 June 2022). Leaves collected for stem water potential measurements were dried at 60°C for 

72h and ground by shaking twice for 30 s at 30 Hz, with five 0.5 mm stainless beads in 50 mL tubes, 

using a bead grinder (TissueLyser II, Qiagen). The powders were sieved at 200 µm and 0.8-1.2 mg were 

weighed in tin capsules. The analyses of δ13C and C/N ratio were carried out at the Alysés-IRD 

technological platform (Bondy, France). After complete combustion of samples, C and N elementary 

analyses were performed (Flash HT elemental analyser, Thermofisher) and the isotopic ratio was 

determined with a mass spectrometer (Delta V Advantage, ThermoFisher). For carbon isotope ratio, 

the Vienna Pee Dee Belemnite (VPDB) was used as a reference and the results of δ13C were expressed 

in the conventional δ notation: δ13C = [[(13C/12C)sample-(13C/12C)VPDB] / (13C /12C)]VPDB *1000. For Nitrogen 

isotope ratio, the air Nitrogen was used as a reference and the results of δ15N were expressed in the 

conventional δ notation: δ15N = [[(15N/14N)sample-(15N/14N)air] / (15N/14N)air]*1000. C and N isotope 

measurements were conducted at a precision of 0.05‰ and 0.1‰, respectively, and C and N contents 

at a precision of 0.05%. 

2.6 Biochemical and metabolomic analyses 

Three mature leaves per tree were sampled from each tree on 13 May 2022 and 17 June 2022, 

immediately frozen in liquid nitrogen and stored at -80°C until further processing. The frozen material 

was ground to a fine powder in liquid nitrogen using a mortar and pestles. Powder aliquots from the 

three leaves collected on the same tree were pooled together prior to biochemical and metabolomic 

analyses (except for trees 1A and 1B that were not analyzed; n=5 per treatment).  

The proline content was measured according to the procedure described by Magné and Larher 

(1992). Briefly, 50 mg of frozen leaf powder was dissolved in 1 mL sodium citrate buffer (0.2 M, pH 4.6). 

A 1% ninhydrin solution was added, and the mixture was boiled to form a proline-ninhydrin complex, 

which was subsequently extracted with toluene and quantified spectrophotometrically at 520 nm 

(Implen NP80 Nanophotometer®). The Malondialdehyde (MDA) was quantified according to the 

procedure described by Heath and Packer (1968), using 50 mg of frozen leaf powder and 1.5 mL of 

extraction solution (0.5% thiobarbituric acid and 20% trichloroacetic acid, in distilled water). After 

heating the mixture at 95°C for 30 min and a quick cooling on ice, the extract was centrifuged at 12 

800xg at 4°C for 5 min. After three-fold dilution of the supernatant, the absorbance was measured at 



   

 

8 
 

532 nm and at 600 nm, using a nanospectrophotometer (Implen NP80 NanoPhotometer®). The MDA 

contents were calculated using the MDA molar absorption coefficient (ε) of 155 mmol.cm-1, according 

to the following formula:  

CMDA (nmol g-1
FW) = (Δ532nm-600nm*VTotal*1000) / (ε.λ*sample mass) 

The concentration was expressed per g of leaf dry matter using the water content values (WC) 

calculated previously (see 2.5.2). 

For metabolic profiling, three technical replicates per tree were used, each corresponding to 100 mg 

of frozen leaf powder. After freeze-drying, polar metabolites were extracted with a mixture of 

MeOH/Chl/H2O containing internal standards (100 µM beta-aminobutyric acid and 200 µM adonitol). 

The MeOH/H2O fraction was used to analyse amino acids, sugars and organic acids by UPLC-DAD and 

GC-FID methods by combining derivatization steps and chromatographic elution, following procedures 

described previously (Dellero et al. 2020; Bianchetti et al. 2021). Metabolite identification was 

established according to their retention times with respect to chemical derivatized standards. 

Metabolite quantification was performed using calibration curves of standards and by considering 

internal standard signals. All metabolite contents were expressed in µmol g-1
DW. The raw data are 

available online (DOI: 10.57745/SWF5U8). 

2.7 Statistical analyses 

Data were analysed using the R software v4.2.2 (R Core Team 2023) in RStudio 2023.03.0+386 with 

packages ggplot2, cowplot, nlme, emmeans, car, voxel, gamm4, mscV and MuMin for data 

representation and statistical modelling. To test for variations between weeks and the impact of 

drought, a linear mixed effect model (nlme::lme) was calculated (using the formula: y ~ treatment * 

week) with treatment (control or drought) and week (17 to 24) as fixed effects. The tree individual was 

included in the model as a random effect (~1|tree). Normality and homoscedasticity of the residuals 

were checked by visual inspection. Variables failing to meet these assumptions were mathematically 

transformed (log or reflect-log transformed) and the residuals were checked again to confirm normality 

and homoscedasticity of their distribution. Mixed effect model was analysed through a type II ANOVA 

(car::Anova). Estimated marginal means were computed using emmeans::emmeans before doing a 

post-hoc test with Tukey correction using the emmeans::contrast function. To test for daily variations, 

a generalized additive mixed model (gamm4::gamm4) was calculated (using the formula: y ~ treatment 

+ s(date), with treatment (control or drought) as a fixed effect and date (time of the day) as a smooth 

term. The tree individual was included in the model as a random effect (~1|tree). Mixed effect model 

was analysed through a type II ANOVA (car::Anova) and 95% Confidence Interval was extracted using 

voxel::plotGAMM function. For metabolomic data, correlation between metabolites was analysed 
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using Spearman’s rank sum non-parametric test. Differences between groups were analysed using a 

non-parametric Wilcoxon Mann-Whitney test and p-values were adjusted using Holm’s method. 

Metabolites significantly impacted were analysed using Principal Component Analysis (PCA) 

(FactoMineR::PCA). For these metabolites, Z-score were calculated for heatmap representation. All the 

data were plotted with ggplot2, factorextra, ComplexHeatmap, corrplot or cowplot packages. Data in 

text and tables are given as mean ± Standard Error of the Mean (SEM). 

3 Results 

3.1 Meteorological parameters, soil and tree water status 

Meteorological parameters were recorded from 9 May 2022 to 16 June 2022 (weeks 19-25), a period 

characterized by low precipitations (69 mm) (Fig. 1a). During this period, weekly mean air temperatures 

(Tair) were comprised between 15.26 ± 0.11 °C and 23.54 ± 0.18 °C, with the week 21 being the coolest 

and the week 24 the warmest. Weekly average Vapor Pressure Deficit (VPD) was between 0.7 ± 0.01 

and 1.81 ± 0.03, with weeks 21 and 24 being also the most humid and driest, atmospherically. The 

study period was characterized by a strong heterogeneity in PAR. Weekly means ranged between 516.8 

± 16.37 and 741.31 ± 20.55 µmol m-2 s-1 for the cloudiest and sunniest weeks (weeks 21 and 24), 

respectively (Fig. 1b). 

The drought experiment was carried out over weeks 20-25, between 18 May 2022 and 16 June 2022. 

While watering was completely withheld from droughted trees, control trees were watered with an 

average of 5.5 L day-1 (Fig. 1c). Extractable soil water content (eSWC) was rather homogeneous (p-value 

= 0.64, ANOVA) along the vertical profiles of the containers, in both control and droughted trees (Fig. 

S2). In control trees, eSWC was stable at around 45%, with a temporary decrease to 35% at week 23 

(Fig. 2a). In droughted trees, the initial eSWC was significantly higher than that of the control trees. In 

response to water withholding, eSWC declined following a biphasic pattern with an initial sharp drop 

from 50% to 35% eSWC reached at the end of week 22 [at this time-point, the eSWC of droughted trees 

was significantly lower than that of control trees (p-value < 0.01, Tukey HSD test)], followed by a slower 

decrease from 35% to 30% over weeks 23 and 24 [at this last time-point, eSWC remained significantly 

lower than that of control trees (p-value < 0.01, Tukey HSD test)]. 

Control and droughted trees had equivalent stem water potential (Ψstem ~ -1.0 MPa) from week 19 to 

week 21 (Fig. 2b). As of week 22 (i.e. two weeks into the drought treatment), the Ψstem of the droughted 

trees remained significantly lower than that of the controls (p-value < 0.001, Tukey HSD test). In 

droughted trees, the small drop in Ψstem from ~ -1.0 MPa to -1.5 MPa that occurred over weeks 19-22 

corresponded to the phase of considerable loss in eSWC. The further sharp decline in Ψstem to -2.3 MPa 
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corresponded to a minor loss in eSWC. It should be noted that the Ψstem of control trees temporarily 

dropped to -1.4 MPa between weeks 23 and 24 (Fig. 2b). 

Relative water content (RWC) remained unchanged at > 80% over most of the experiment, regardless 

of the treatment (p-value = 0.38, two-way ANOVA) (Fig. 2c). However, between weeks 23 and 24 (i.e. 

four weeks into the drought treatment), the RWC of the droughted trees was significantly lower than 

that of the control trees (-15%; p-value < 0.05, Tukey HSD test). 
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Fig. 1: Meteorological parameters from May 2022 to June 2022. 

(a) Air temperature (Tair) and precipitations, (b) Photosynthetic Active Radiation (PAR) and (c) Water Vapor 
Pressure Deficit (VPD) and watering. In (a and c), line and interval represent the daily median and range (minimal 
and maximal) values for Tair and VPD, respectively. In (b), line and interval represent the daily median and range 
(median and maximal) values for PAR > 50 µmolphotons m-2 s-1, respectively. Weekly periods of measurements are 
shown in light and darker blue, corresponding to uneven and even week numbers, respectively. Dashed lines 
indicate periods of homogenous watering regime, while red lines indicate the period of water withholding 
applied to droughted trees. In (a and c), bars indicate the daily precipitations (mm) and watering (L per pot), 
respectively. In (c), blue and red bars correspond to the water applied to control and droughted trees, 
respectively. 
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Fig. 2: Soil and plane tree water status over the 

experiment. 

(a) Extractable soil water content. (b) Stem water 
potential and (c) Leaf relative water content. Triangles 
(▲) with solid line and circles (●) with dashed line 
represent droughted trees and control trees, 
respectively. For (a), the values are the means of the 
measurements at the four depths (see Fig. S2 for 
values at specific depth). Small symbols represent 
individual trees, while larger ones represent the 
weekly mean value (n=6), with vertical error bars 
representing the S.E.M. The symbol color 
corresponds to the watering, with blue and red 
indicating trees without or with water withholding, 
respectively. Significance of variations between 
weeks, in response to drought or the interaction of 
both factors are presented on the figure (linear mixed 
model followed by a type II ANOVA). Asterisks 
indicates significance differences between drought 
and control trees in the week (Tukey HSD post-hoc 
test, *** p-value < 0.001, ** p-value < 0.01, * p-value 
< 0.05, ● p-value < 0.1). 
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3.2 Genetic analysis 

The genetic profiling of the young plane trees was conducted using 10 microsatellite loci (Table S2) and 

seven reference trees (Table S1). Results confirmed that all the 14 young trees were Platanus × 

hispanica (Table S3) and that they were clones likely exhibiting somatic variations (Table S3). It is 

noteworthy that an adult (more than 70 years old) plane tree planted next to the experimental site had 

the same genetic profile as the young trees (Table S3).  

3.3 Canopy development 

The canopy development was analysed on selected branches throughout the experiment. By mid-April 

2022 (week 17), the canopies of the containerized young plane trees had their maximum number of 

leaves (Fig. 3a), while the maximum leaf area was only reached in week 22 (Fig. S4a). Over weeks 17-

21, the overall leaf numbers in the canopies decreased very slightly. Compared to the controls, the to-

be-droughted trees showed some fluctuation in their leaf number and, at week 20, their relative leaf 

number was higher than that of the controls due to a significantly larger batch of emerging leaves (Fig. 

3a and Table S4). At the final stage of the drought treatment, between weeks 22-24, the droughted 

trees significantly lost (p-value < 0.01, Tukey HSD test) more leaves than the controls (Fig. 3a, 50% and 

8%, respectively), leading to a decrease in leaf area (Fig. S4) and is consistent with visual observations 

(Fig. 3b). 

Individual leaf surface was estimated using an allometric relation (Fig. S3). At the branch level, the total 

leaf surface showed a significant linear correlation with the number of leaves (R² > 0.86; Fig. S4), the 

slope corresponding to the mean leaf surface (29.80 cm²). The drought treatment induced a higher 

mean leaf surface, suggesting a preferential loss of smaller leaves. 

Over the measurement period, leaf chlorophyll contents exhibited a “bell-shaped” pattern with 

equivalent starting and final levels and a maximum plateau between weeks 21-22 (Fig. 3c). In contrast, 

leaf flavonol contents continuously increased throughout the period (Fig. 3d). The drought treatment 

had no significant effect on either chlorophyll or flavonol contents (p-value > 0.05). However, other leaf 

features were impacted by the drought treatment: the droughted trees had significantly more leaves 

with necrosis and yellowing than the controls between weeks 22-24 (Table S4). Before the application 

of the treatment, the to-be-droughted trees suffered from more severe attacks by the Platanus lace 

bug at week 19 (Table S4).  
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Fig. 3: Plane tree canopy development and evolution of biochemical indicators over the experiment. 

(a) Relative leaf number, (b) representative photographs of the state of the canopy during the drought, (c) total 
chlorophyll and (d) flavonol contents. Relative leaf number (a) was expressed relative to the initial leaf number 
(100 %) determined on week 17. Photograph (b) were taken on June 6th (left column) and 17th (right column) 
2024, 16 and 27 days after the water withholding started for droughted trees (bottom row). Triangles (▲) with 
solid line and circles (●) with dashed line represent droughted trees and control trees, respectively. Small symbols 
represent individual trees, while larger ones represent the weekly mean value (n=6), with vertical error bars 
representing the S.E.M. The symbol color corresponds to the watering, with blue and red indicating trees without 
or with water withholding, respectively. For (a), (c) and (d), the significance of variations between weeks, in 
response to drought or the interaction of both factors, are presented on the figure (linear mixed model followed 
by a type II ANOVA). Asterisks indicates significance differences between drought and control trees in the week 
(Tukey HSD post-hoc test, *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ● p-value < 0.1).  
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3.4 Photosynthetic leaf traits  

In control trees, leaf photosynthetic parameters varied little during the season except for a brief 

decrease at week 21 (Fig. 4). During the experiment, light-saturated net CO2 assimilation (Asat) values 

ranged from 8.4 to 11.2 µmol m-2 s-1 (Fig. 4a), stomatal conductance (Gs) from 81 to 135 mmol m-2 s-1 

(Fig. 4b), internal CO2 concentration (Ci) from 192 to 253 µmol mmol-1 (Fig. 4c) and maximal quantum 

yield of PSII (Fv/Fm) from 0.76 to 0.79 (Fig. 4d). The photosynthetic parameters Asat, Ci and Gs of the 

droughted trees were equivalent between drought and control treatments until week 21, despite the 

restriction of water supply started at week 20. Between weeks 21 and 22, Asat, Gs and Ci plunged 

significantly (p-value < 0.01, Tukey HSD test), with 70%, 67% and 32% reductions, respectively. On the 

other hand, the maximum yield of PSII remained unaffected (Fig. 4d). Over weeks 23-24, in the 

droughted trees, both Asat and Gs remained low (1.7 µmol.m-2.s-1 and 16 mmol.m-2.s-1, respectively), Ci 

rose back to control values and Fv/Fm declined below control values (3% and 5% reductions, in week 23 

and 24, respectively). Daily maximum Gs values measured in ambient conditions were drastically 

reduced (-50%) after week 20 in all trees. Stomata of droughted trees remained fully closed during 

weeks 22 and 23 (Fig. S5).  
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Fig. 4: Leaf gas exchange and chlorophyll fluorescence over the season. 

(a) Light- saturated net CO2 assimilation rate (Asat), (b) stomatal conductance to water vapor (Gs), (c) lLeaf internal 
CO2 concentration (Ci) and (d) maximal quantum yield of PSII photochemistry (Fv/Fm). Triangles (▲) with solid 
line and circles (●) with dashed line represent droughted trees and control trees, respectively. Small symbols 
represent individual trees, while larger ones represent the weekly mean value (n=3 to 6), with vertical error bars 
representing the S.E.M. The symbol color corresponds to the watering, with blue and red indicating trees without 
or with water withholding, respectively. Significance of variations between weeks, in response to drought or the 
interaction of both factors, are presented on the figure (linear mixed model followed by a type II ANOVA). 
Asterisks indicates significance differences between drought and control trees in the week (Tukey HSD post-hoc 
test, *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ● p-value < 0.1). 

 

3.5 Leaf carbon and nitrogen composition 

Leaf carbon content significantly increased over the experiment (May-June 2022) in both control (+5%) 

and droughted (+3%) trees and it was not impacted by drought (Table 1). Nitrogen content followed an 

opposite pattern, with a significant decrease during the season. Prior to the drought treatment, the 
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leaves of the trees that were droughted later contained 25% more nitrogen than control leaves. At the 

end of the drought treatment, droughted trees showed a more pronounced decrease in leaf nitrogen 

content (-35%) than control ones (-25%). Consequently, the C:N ratio significantly increased between 

May and June, with no significant impact of the drought treatment. Finally, stable isotope compositions 

in δ13C and δ15N were equivalent before the treatment and drought significantly reduced the 13C 

discrimination (Table 1). 

 

Table 1: C and N composition, proline and MDA contents of leaves. Leaf elemental and stable isotope 
analyses were performed twice during the experiment on 13 May 2022 (before water withholding) and 
on 16 June 2022 (29 days after the beginning of water restriction). Analyses were performed on the 
leaves used for Ψstem determination and values represent the mean ± SEM (n=6). Different letters 
indicate significant differences between groups (p-value < 0.05, linear mixed model followed by Tukey 
HSD test). 

   Elemental  Stable isotope Biochemistry 

Date Treatment C (g kg-1
DW) N (g kg-1

DW) C:N ratio δ13C (‰VPDB) 
δ15N 

(‰N2) 
Proline  

(nmol gDW
-1) 

MDA  
(µmol gDW

-1) 

13 May 

2022 

Week (19) 

Control 495.9 ± 0.8 a 23.2 ± 0.9 b 21.5 ± 1 a -27.5 ± 0.1 a 2.3 ± 0.2 a 763 ± 93 ab 1.6 ± 0.1 a 

Drought* 497.9 ± 3.6 a 29.1 ± 1 c 17.2 ± 0.6 a -26.2 ± 0.3 ab 3.1 ± 0.3 a 952 ± 156 b 1.4 ± 0.2 a 

         

16 June 

2022 

Week (24) 

Control 518 ± 3.3 b 17.4 ± 1.4 a 30.7 ± 2.2 b -27.3 ± 0.3 a 2.6 ± 0.3 a 329 ± 76 a 1.7 ± 0.1 a 

Drought** 514 ± 0.6 b 19.1 ± 0.4 ab 27.2 ± 0.6 b -25.9 ± 0.4 b 3.1 ± 0.3 a 1225 ±178 b 1.5 ± 0.1 a 

* Before water withholding (WW) ; ** 29 days after WW started 

 

3.6 Biochemical and metabolome analyses 

Leaf MDA contents remained unchanged in response to the drought treatment (Table 1). Leaf proline 

contents, on the other hand, showed a 3.7-fold increase in the leaves of the droughted trees (Table 1). 

Targeted metabolic profiling focused on amino acids, sugars, polyols and organic acids was conducted 

on leaves harvested from each tree before and after the drought treatment. The results revealed high 

variability for many amino acids and sugars within the same tree (technical replicates) and between 

trees under the same conditions (biological replicates). The most abundant carbon metabolites 

detected in our analysis were fructose, glucose, sucrose, malate and quinate, ranging from 10 to 80 

µmol g-1DW (Figs 5 and S6). In contrast, amino acids’ concentrations were lower than for carbohydrates, 

with a maximum of 10 µmol g-1DW for glutamine. Nevertheless, a statistical analysis of the results 
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unveiled nine differentially accumulated metabolites in response to the season, primarily sugars or 

organic acids classes, with serine as the only amino acid (Fig. S6).  

 

 

Fig. 5: Targeted metabolomic profiling. (a) Principal component analysis of the metabolites responding 

to drought and/or seasonality (for details see Fig S6 and S7) and (b) heatmap of the metabolite Z-score 

value. For PCA (a), the first and second dimension explains 46.3%, and 28.1%, respectively. Arrows 

shows the contribution of the metabolites and colours indicates the class. Triangles ( or) connected 

by red convex hull and circles (● or ○) connected by blue convex hull represent droughted trees and 

control trees, respectively. Empty and filled symbols corresponds to the samples collected May 13th 

and June 17th, respectively. Filling colour of convex hull corresponds to the watering, with blue and red 

indicating trees without or with water withholding, respectively. Heatmap (b), shows the z-score value 

of each metabolite. Red and blue denote high and low Z-score values of metabolites. Metabolites were 

clustered according to euclidian distances. 

 

PCA analysis shows distinct patterns: the two principal dimensions collectively explained 74.4% of the 

variance, with PC1 contributing 46.3% and PC2 28.1% (Figs 5a and S7). Interestingly, TCA compounds 

such as succinate and malate, as well as glycerate, trehalose, cellobiose, raffinose, galactinol, xylose 
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and myo-inositol exhibited significant inter-correlations (Fig S8). The first dimension effectively 

delineated the impact of drought treatment. In contrast, citrate, serine and gentiobiose highly 

contributed to the second dimension and seemed associated with seasonal variations (Figs 5a and S7). 

While cellobiose and glycerate were more abundant in June than in May, malate, quinate, succinate, 

galactinol, trehalose and xylose contents decreased with time (Figs 5 and S6). Thus, the major seasonal 

variations were reductions in quinate, xylose and galactinol contents (Fig. S6). Moreover, the drought 

treatment altered the abundances of 12 metabolites (with no amino acid included): cellobiose, citrate, 

gentiobiose, glycerate, malate, quinate, succinate, trehalose and xylose abundances increased, while 

galactinol, myoinositol, raffinose contents were reduced (Fig. S6). The main changes in response to 

drought were increases in malate (9.7-fold), trehalose (3.7-fold), glycerate (2.1-fold), xylose (absent in 

control), quinate (1.5-fold) and a decrease in myo-inositol (2-fold) (Fig. S6). Regarding proline, 

metabolomic and spectrophotometric analyses both indicated an increase in response to drought but 

it was not statistically significant for metabolomics (Table 1 and Fig S6). 

 

4 Discussion 

4.1 Experimental setup in urban conditions 

Our experimental setup was designed to study plane tree physiology in urban conditions in response 

to a severe drought. The genetic analysis showed high similarity between young trees, confirming their 

production by vegetative multiplication through cuttings (Morton and Gruszka 2008). The setup 

consisted of ready-to-plant plane trees growing in black containers situated 15 cm above black asphalt 

and aligned in an East-West orientation with no-overlapping canopies. These conditions likely impacted 

the trees’ summer growth conditions, notably through high exposure to solar radiation and Tair (Rinaldi 

et al. 2019; Sanusi and Livesley 2020) due to the additional energy from the asphalt’s high surface 

temperatures amplified by the black containers (Kjelgren and Montague 1998). An original feature of 

this setup was the custom-made rain exclusion systems that proved highly effective since no significant 

increase in eSWC was observed even after heavy rainfall. Thus, the water supply to the plane trees was 

efficiently controlled: despite episodes of high Tair and atmospheric drought during the May-June 2022 

study, fluctuations in eSWC to well-watered trees were small because eSWC depletion was regularly 

compensated for (Figs 1 and 2). Even the temporary decline in eSWC during week 23, observed as a 

result of strong evapotranspiration stimulated by a severe increase in air temperature (and thus in 

VPD), did not compromise the stock of readily available water (eSWC > 30 %; Rahman et al. 2023) or 

impact the physiology of the trees: their stomatal conductance, stem potential and RWC remained 

unaffected (Figs 2 and 4b). This episode, however, illustrates the challenge of maintaining a constant 
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water supply to potted plants in urban setups over several weeks. It should be noted that the vertical 

profile of the soil water content in the pots (Fig. S2) suggested an homogenous soil colonization by 

roots (Monshausen and Gilroy 2009; Cassab et al. 2013), which was confirmed by visual inspection of 

root systems after uprooting (data not shown). Thus, it was not surprising to observe C assimilation 

and stomatal conductance values (Figs 5 and S5) equivalent to those obtained on younger also well-

watered P. × hispanica trees (around 12 µmol CO2 m-2 s-1 and 150 mmol H2O m-2 s-1 ; Tattini et al. 2015). 

Gillner et al. (2015) measured gas exchange of urban P. × hispanica adults that were lower than our 

measurements (around 5 µmol CO2 m-2 s-1 and 30-50 mmol H2O m-2 s-1), suggesting that our plane trees 

were well adapted to their pots.  

4.2 Seasonality of plane tree physiology 

Several elements indicated that well-watered trees experienced changes inherent to seasonality. Leaf 

chlorophyll contents increased at the beginning of the season concomitantly with leaf development 

(Figs 3 and S4), as expected (Bisba et al. 1997; Rahman et al. 2023). However, they declined 

unexpectedly long before the end of the summer, suggesting early leaf senescence likely triggered by 

biotic factors and heat stress (Ristic et al. 2007; Gillner et al. 2017). The plane trees were indeed 

infested by the Platanus lace bug, Corythucha ciliata (Table 1), an insect causing leaf-feeding damage 

that progresses into chlorotic or bronzed foliage and premature loss of leaves (Tubby and Webber 2010; 

Ju et al. 2017). This decrease in leaf chlorophyll content associated with a decrease in N content had 

no consequence on Asat and Fv/Fm, as is usually observed in herbaceous species (Dellero et al. 2021). 

Other leaf pigments, like flavonols, gradually increased during the season (Fig. 4), probably in response 

to changes in meteorological parameters (increase in Tair and PAR) and abiotic pressure. P. × hispanica 

leaves are known to be rich in phenolic compounds, with flavonol quercetin-3-O galactoside as the 

most abundant (Ribeiro et al. 2022). Along with early chlorophyll loss, increasing leaf flavonol contents 

was an indication that well-watered trees were in fact affected by the combination of biotic and abiotic 

factors since flavonols accumulation is linked to leaf acclimation to light (Xu et al. 2014) and stress 

(Winkel-Shirley 2002; Yu et al. 2021; Laoué et al. 2022). 

To characterize the biochemical changes over the season, a metabolomic analysis was performed. 

Results indicated that very few leaf metabolites showed significant seasonal variation (Figs 5 and S6), 

probably as a consequence of a large variability between biological replicates. Nevertheless, an 

important decrease in quinate was observed between May and June for control trees. Quinate is a 

precursor of chlorogenic acids (CGAs) (Gritsunov et al. 2018) that represent 19% of the total phenolics 

identified in P. × hispanica (Ribeiro et al. 2022). CGAs serve as antioxidants in response to UV radiation, 

as antifungal agents and help deter herbivory (Carrington et al. 2018). The high biotic pressure 

observed at the beginning of the season (see lace bugs, Table S4) could explain the plummeting in 
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quinate, potentially linked to an increase in CGAs. Xylose, the main hemicellulose monosaccharide in 

plane leaves, as in other broadleaved trees (Schädel et al. 2010), decreased between May and June. 

This variation may be linked to the seasonal regulation of leaf and stem vascular tissue construction 

(Prislan et al. 2013; Montwé et al. 2019; Macieira et al. 2021). Overall, quinate and xylose levels were 

important indicators of seasonal regulation of plane tree biology, showing robust repeatability and a 

strong correlation (Fig. S8) in realistic urban growth conditions. 

4.3 Drought impact on tree physiology 

Water restriction was imposed by total water withholding during five consecutive weeks. Within the 

first two weeks, the eSWC sharply declined to approximately 35%, just above the critical 30% limit 

corresponding to the readily available water. This coincided with a drop in stem water potential to -1.5 

MPa, and with the stomatal limitation (SL) of Asat, as shown by Ci decline. Since leaf RWC and chlorophyll 

contents remained unaffected compared to the control trees, the decrease in stem water potential did 

not result from leaf turgor loss or leaf structural damage. Most likely, it could be induced by ABA 

accumulation and osmotic adjustment as part of a drought avoidance strategy (Arndt et al. 2008; 

Turner 2018). Previous studies demonstrated that drought avoidance, leading to isohydric behaviour, 

predominated in P. × hispanica submitted to water deficit (Tattini et al. 2015; Caplan et al. 2019; 

Franceschi et al. 2023), even though others described the species as anisohydric (Hirsch et al. 2023; 

Rahman et al. 2023). 

The second stage of the drought treatment lasted three weeks. It corresponded to further losses in 

eSWC (from 35% to 25%) and the development of actual drought stress in the trees, including a further 

decrease in stem water potential to -2.2 MPa, in leaf RWC and chlorophyll contents, as compared to 

the controls. Irreversible damage to the photosynthetic apparatus corresponding to non-stomatal 

limitation (NSL) of photosynthesis was suggested by a rise in Ci, while Gs remained low, and by a 

reduction in the maximal quantum yield of PSII (Fv/Fm). Similar responses were previously observed on 

young plane trees after 10-11 and 15-16 days of stress, leading to SL and NSL of photosynthesis, 

respectively (Tattini et al. 2015).  

All canopies were fully developed by late April 2022 since very few leaves emerged after (Table S4). 

During the first phase of the drought treatment that corresponded to moderate drought stress (Ψstem > 

-1.5 MPa), the plane tree developed water-saving strategy at the cellular level. Continuing drought 

induced severe defoliation at the very end of the treatment when Ψstem < -2MPa. This defoliation is a 

well-described strategy to reduce evaporative demand at the tree level in Platanus (Sanusi and Livesley 

2020; Marchin et al. 2022).  
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Maintenance of water content and protection of photosynthetic apparatus in response to mild drought 

came with biochemical changes. To comprehensively investigate these changes, we performed a leaf-

targeted metabolome that showed an increase in total metabolite contents (2467 µmol g-1DW in 

droughted trees vs 1859 µmol g-1DW in control trees). This suggests that reduction in growth (C 

demand) prevailed over photosynthesis limitation (C supply), as observed in several species (Bogeat-

Triboulot et al. 2007; Fàbregas and Fernie 2019) and that active metabolome reprogramming took place 

(Xu and Fu 2022). Large amounts of tricarboxylic acid cycle (TCA) intermediates, such as malate, 

succinate and citrate (20, 2 and 2 µmol g-1 DW, respectively; Figs 5 and S6), accumulated in response to 

the drought treatment, as previously shown in herbaceous species such as Arabidopsis and tomato 

(Semel et al. 2007; Pires et al. 2016). TCA cycle reprogramming in response to drought is highly complex 

and understanding the underlying mechanisms requires further focused research (Fàbregas and Fernie 

2019). Nevertheless, massive accumulation of malate during drought was already observed in Fraxinus 

excelsior, where it was considered as the main osmoticum (Guicherd et al. 1997). Here, the 

accumulation of malate likely contributes to the osmotically-driven decline in stem water potential 

during the water-saving phase of the drought response.  

Most of the proteinogenic amino acids detected in plane leaves, beside proline, were not significantly 

modified by drought. However, proline accumulated to final contents that were relatively low (around 

1 µmol.g-1 DW) compared to those found in droughted herbaceous plants (40 µmol.g-1 DW for 

Arabidopsis, 300-500 µmol.g-1 DW for Brassica napus), where it increases the cellular osmolarity during 

water limitation (Verslues and Sharma 2010; Albert et al. 2012). In Platanus orientalis leaves, previous 

measurements have already shown low proline levels (5 – 13 µmol.g-1 DW; Cui et al. 2022; 

Mukhamedova et al. 2022). This suggests that, in Platanus, proline accumulation may not contribute 

significantly to cellular osmotic adjustment and could therefore serve as a redox regulator within the 

cell (Zheng et al. 2023). The correlation analysis of metabolome (Fig S8) highlighted several groups of 

correlations. Unexpectedly, a clear group of amino acids correlated together, suggesting a common 

regulation pattern. This was confirmed by the fact that the total individual amino acid contents 

increased in response to drought (393 µmol g-1 DW in droughted trees vs 232 µmol g-1 DW in control 

trees). This global trend could result from several processes related to growth arrest, senescence or 

metabolome reprogramming. Like proline, leaf MDA did not appear as a robust marker of water stress 

in this experiment, probably due to high levels found in control trees. Indeed, the MDA contents 

observed here were 3 to 20-fold higher than those measured in adult P. × hispanica, P. orientalis, pine, 

olive tree or oaks subjected to urban or water stresses (Sofo et al. 2004; Tattini et al. 2015; Zhang et al. 

2021; Cui et al. 2022; Xiong et al. 2022). Moreover, we have noticed high discrepancies in reported 

MDA leaf contents in the literature (around 5 µmol.g-1 DW in control olive trees (Parri et al. 2023), 10-25 
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µmol.g-1 DW in P. orientalis growing in urban conditions (Mukhamedova et al. 2022), a fact that led us 

to question the pertinence of this compound as a water stress marker in plane trees. Other major 

antioxidant compounds (flavonols) were not affected by the drought treatment but increased regularly 

during the season in both control and droughted trees, suggesting that antioxidant potential was 

progressively required in response to the multifactorial and stressful environments of cities.  

Although Raffinose Family of Oligosaccharides (RFO) metabolism (myo-inositol, galactinol, raffinose) is 

known for its role in desiccation tolerance across diverse organisms (Sengupta et al. 2015), our results 

did not show such function in plane tree, as these compounds were poorly abundant in all conditions 

and even decreased during drought. Conversely, trehalose, a non-reducing disaccharide, significantly 

accumulated (3-fold) during drought and could potentially participate in the osmotic adjustment of the 

water-saving response of the plane trees. Furthermore, threalose-6P is considered a key regulator of 

carbon sensing and partitioning, activated in response to drought (Carraro and Di Iorio 2022), notably 

to stimulate ABA-triggered stomatal closure in wheat, cotton and Citrus (Lunn et al. 2014; Santana-

Vieira et al. 2016). Although trehalose metabolism has been poorly documented in woody plants to 

date, its regulation is considered as a target to improve drought tolerance (Carraro and Di Iorio 2022).  

The slight increase in leaf C content during the experiment probably resulted from changes in leaf 

structure, like cell wall expansion and cuticle thickening, in accordance with leaf xylose depletion. Leaf 

C content was not significantly impacted by drought, but the slight enrichment in 13C stable isotope 

confirmed that drought induced a limitation in Gs in droughted trees (Farquhar et al. 1982, 1989). The 

difference in 13C values between droughted and control leaves was equivalent to that observed after 

drought in urban P. × hispanica trees (Hirsch et al. 2023). Furthermore, over a five-week period, the 

leaf N content diminished in both control and droughted trees, with no significant impact of drought. 

5 Conclusion 

This study characterizes P. × hispanica as a drought-resistant tree capable of water-loss avoidance 

strategy, well adapted to urban stress, as described by green space managers of Paris. Several elements 

confirmed its isohydric strategy that limited eSWC consumption: malate and trehalose accumulation in 

leaf tissues, likely related to osmotic adjustment, and stomatal limitation of photosynthesis as long as 

the drought was moderate. Then, when the drought became severe (eSWC <30%), the photosynthetic 

apparatus was altered and, below the threshold of 25% eSWC, massive defoliation occurred. This 

defoliation affected the shading potential of the canopy for a short time because rapid re-growth of 

leaves was possible from the axillary buds exposed after leaf fall. This additional feature characterizes 

the overall high resilience of plane trees to urban environments. In the context of climatic change in 
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cities, it would be interesting to analyse the post defoliation events and the impact of successive 

drought cycles on stored carbohydrates, and the consequences of this strategy on the growth and 

survival of P. × hispanica trees in the long term. 
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Claude et al., The isohydric strategy of Platanus × hispanica tree shapes its response to drought in an 

urban environment. 

 

4 supplemental tables and 8 supplemental figures 

 

 

 

Table S1: Table of reference trees from “Muséum National d’Histoire Naturelle” (MNHN) in Paris 
(“Jardin des Plantes”) and in Versailles-Chèvreloup Arboretum (78150 Rocquencourt, France) used for 
genetic analysis. 

MNHN garden species  MNHN ref.  remarks 

Jardin des Plantes Platanus × hispanica 'Densicoma' 13075 exceptional tree 

Jardin des Plantes Platanus × hispanica  13258 exceptional tree 

Jardin des Plantes Platanus × hispanica  13259 
 

Jardin des Plantes Platanus orientalis 14263 « Buffon » tree (1785) 

Jardin des Plantes Platanus × hispanica  280 20-25 years old 

Jardin des Plantes Platanus × hispanica  273 130 years old 

Chèvreloup Arboretum  Platanus occidentalis ARB31455 planted in 1995 
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Table S2: Primers sequences used for microsatellite analyses.  

Name (ref) Primer sequence Amplicon Size (bp) Dye 
Emission 

(nm) 

plms17 (1) 

F : 
GGAGAAAGAGAAGAAGGAGAAAAA 219-239 PET 595 

R : AGGGTCTTGGTCGTGATTTG 

plms29 (1) 
F : GCCCATTAGATGGGTTGAAA 

208-224 6-FAM 520 
R : AGCGAATCCATGTGCCTAAT 

plms68 (1) 
F : TGAATCCCAAAAGGCAAAAA 

170-184 6-FAM 520 
R : AAACACCCAATCCGGTCTAC 

plms109 (1) 
F : TGATGACAAATACTCAGGGAAA 

121-145 VIC 554 
R : CGATAGCCAAAAGCGAAAGA 

plms113 (1) 
F : GGCAAGCCAGGATTTAGTTG 

202-228 NED 575 
R : CGGGATAAGAGTTTGTTGAGTTG 

plms122 (1) 
F : CTTCTGTGCTTGTGCCTCAC 

223-225 VIC 554 
R : CTTTGCACCAATGTGCCTTA 

plms130 (1) 
F : TACCACACCAACGTCCTTCC 

208-214 PET 595 
R : ACCCTCTCAAATATGCCAATTA 

plms176 (1) 
F : AACAGCAAAACAGCCCACTC 

269-275 NED 575 
R : AAACCAGCCAATCCAATTCC 

11FAM (2) 
F : TCGGTGGTCGAATTCATCCC 

202-236 PET 595 
R : GAAAGCATGCCGATGTGGG 

PI2A (2)  
F : GAGGGAAGGATTGCCCAGTTG 

332-354 NED 575 
R : CTATCAACTTCTAGATCCCTAG 

(1) Lang (2010) 

(2) Rinaldi et al. (2019) 
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Table S3: Microsatellite analysis results: sizes of amplicons obtained with specific primers. plm29’ 
and plm 113’ corresponded to alleles amplified with plm39 and plm113 respectively but less frequent 
than the first ones. The grey color refers to identical allele combination. nd : missing data. 0 : no 
amplicon. 

  

primers plms17 plms29  plms29' plms68 plms109 plms113 plms113' plms122 plms130 plms176 11FAM PI2A 

exp. 
trees 

1A 235, 470 224, 217 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

1B 235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

2A 235, 470 224, 217 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 nd 289, 289 

2B 235, 470 224, 217 206, 206 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

3A 235, 470 224, 217 190, 190 191, 191 nd 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

3B 235, 470 224, 217 0 191, 191 nd nd  nd 225, 225 206, 206 262, 266 nd nd 

4A 235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

4B 235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

5A 235, 470 nd nd 191, 191 140, 140 218, 224 298, 304 nd nd nd 208, 216 289, 289 

5B 235, 470 224, 217 0 191, 191 140, 140 218, 224 0 nd 206, 206 262, 266 208, 216 289, 289 

6A 235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 nd nd 

6B 235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 289, 289 

7A 235, 470 224, 217 0 191, 191 nd 218, 224 0 225, 225 206, 206 262, 266 208, 216 0 

7B 235, 470 224, 217 0 191, 191 nd 218, 224 0 225, 225 206, 206 262, 266 nd nd 

Adult tree  235, 470 224, 217 206, 206 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 208 289, 289 

ref. 
trees 

P. × hispanica 
280 

235, 235 0 208, 208 191, 118 118, 118 218, 224 298, 304 225, 232 211, 213 272, 266 208 118, 118 

P. × hispanica 
273 

235, 470 224, 224 0 191, 191 nd 218, 224 298, 304 225, 225 206, 206 262, 266 208, 216 nd 

P. × hispanica 
'Densicoma' 

13075 
235, 470 224, 224 0 191, 191 140, 140 218, 224 0 225, 225 206, 206 262, 266 208, 216 nd 

P. × hispanica 
13259 

235, 470 224, 224 0 191, 118 118, 140 218, 224 298 225, 225 206, 206 262, 266 208, 216 nd 

P. × hispanica 
13258 

235, 470 224, 217 208, 208 191, 118 118, 140 218, 224 298, 304 225, 225 nb 262, 266 140, 140 nd 

P. orientalis 
"Buffon" 

14263 
235, 470 217, 217 208, 208 191, 118 118, 140 218, 224 0 225, 225 nd 262, 266 208, 218 289, 289 

P. 
occidentalis 
ARB31455 

235, 235 224, 224 0 185, 185 140, 140 218, 224 298, 304 225, 225 206, 206 262, 266 216, 216 309, 309 
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Table S4: Quantification of the Platanus lace bug (Corythucha ciliate) density and evolution of general 
appearance of the leaves. One branch per tree was followed every 2 weeks.  

 

Date Treatment 
Corythucha ciliata 
density (dm-2

leaves) 
  

Leaves with 
necrosis (%) 

  
Leaves with 
chlorosis (%) 

  
Emerging 
leaves (%) 

  
Yellowing 
leaves (%) 

  

Week 
(17) 

Control 47 ± 12.8   43.7 ± 10.4   49.7 ± 13.7   0 ± 0   0 ± 0   

Drought 31 ± 9.1   47.1 ± 5.6   67.2 ± 9.9   0 ± 0   0 ± 0   

                        

Week 
(19) 

Control 23 ± 4.1   34.1 ± 7.3   67.9 ± 14.2   0 ± 0   0 ± 0   

Drought 44.6 ± 10.4 ● 41.8 ± 2.3   78.5 ± 4.3   0 ± 0   0 ± 0   

                        

Week 
(20) 

Control 4.3 ± 1.2   40.2 ± 4.3   82.7 ± 3.2   5.5 ± 0.7   0 ± 0   

Drought 9.3 ± 3.2   37.1 ± 2.4   76.1 ± 1.9   11.2 ± 1.6 ** 0 ± 0   

                        

Week 
(22) 

Control 3 ± 1.1   52.3 ± 1.1   79.8 ± 3.2   7.5 ± 1.8   3.4 ± 1.6   

Drought 2.7 ± 1.4   47.6 ± 3.1   69.7 ± 2.8 ● 8.9 ± 1.5   16 ± 2.5 ** 

                        

Week 
(24) 

Control 0.7 ± 0.7   50.9 ± 1.3   85.2 ± 1.8   1 ± 0.6   2.6 ± 1   

Drought 4.6 ± 3.3   79.9 ± 6.3 ** 69.1 ± 14.5   0.5 ± 0.5   63.7 ± 12.4 ** 

Wilcoxon-Mann-Whitney test, *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ● p-value < 0.1 

Water withholding started on week 21 
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Fig. S1: Description of the study site. Location of the study site in Vitry/Seine (Paris suburb, France; 
a; map ©IGN, in the yard of University Paris Est Créteil (b; map ©Google). The red rectangle 
represents the young studied plane trees. (c) Map of the experimental setup with 14 London plane 
trees arranged in two rows (A & B) near a row of adult trees. (d) Picture of trees in June 2022. (e) 
total rainfall exclusion system (f) Specification of the substrate used. 
 

a       b 

 

 

 

 

 

 

c 

 

 

 

 

d              e 

 

 

 

 

 

 

f The substrate used to fill the containers provided by Premier Tech (France) and composed of 25% 

of sieved topsoil, 15% of vegetable compost, 10% of composted horse manure, 13% of wood fiber, 

15% of coconut fiber medium, 2% of clay and 20% of maritime pine bark (pH=6.2 ± 0.2; conductivity: 

~0.90 mS cm-1). A layer of clay balls for drainage was poured at the bottom on the containers and 

separated from the substrate with a geotextile.  



   

 

36 
 

Fig. S2: Weekly extractable soil water content according to depth. Filled triangles (▲)and circles (●) 

represent droughted trees and control trees, respectively. Symbols represent the weekly mean value 

(n= 6), with error bars representing the S.E.M. The symbol color corresponds to the watering, with 

blue and red indicating trees without or with water withholding, respectively.  
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Fig. S3: Allometric relation between the major vein length and projected area of Platanus × hispanica 

leaves. Leaves (n= 368) from the 12 trees were collected and scanned. From the images, the projected 

leaf area and the length of the major leaf vein (a) were measured using the ImageJ software. These 

measurements allowed to obtain, for the major vein length, a relationship with the projected leaf area 

(b). The associated equation and the coefficient of determination (R²) are mentioned in the graph.  

a      b 
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Fig. S4: Evolution of branch leaf surface over the experiment. (a) Relative leaf surface and (b) 

Relationship between branch leaf surface and the number of leaves. Parameter was determined on 

selected branches located at equivalent height. Relative leaf surface (a) was expressed relative to the 

maximal leaf surface (100 %) determined on week 22. For (b), light and dark symbols represent early 

and late weeks, respectively and the coefficient of determination (R²) of the significant linear regression 

is indicated. Triangles () with solid line and circles (●) with dashed line represent droughted trees and 

control trees, respectively. Small symbols represent individual trees while larger ones represent the 

weekly mean value (n=6), with vertical error bars representing the S.E.M. The symbol color corresponds 

to the watering, with blue and red indicating trees without or with water withholding, respectively. 

Significance of variations between weeks, in response to drought or the interaction of both factors are 

presented on the figure (linear mixed model followed by a type II ANOVA). Asterisks indicates 

significance differences between drought and control trees in the week (Tukey HSD post-hoc test, *** 

p-value < 0.001, ** p-value < 0.01, * p-value < 0.05, ● p-value < 0.1).  
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Fig. S5: Evolution of conductance Gs measured by porometry. Conductance was followed each week 

during the drought treatment during one day (2 or 3 measurement series per tree) each week. 

Triangles () and circles (●) represent droughted trees and control trees, respectively. The symbol 

color corresponds to the watering, with blue and red indicating trees without or with water 

withholding, respectively. Line and interval represent the daily median and range (minimal and 

maximal) Gs value. The coefficient of determination (R²) of the model and the p-value associated to 

the drought effect are mentioned in each graph.  
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Fig. S6: Targeted metabolome profiling. Concentration in leaves (µmol. g-1DW) of all metabolites 

analyzed. The color of the name of compound refers to its chemical class: organic acids in green, 

polyols in purple, sugars in blue, and amino acids in red. The results of the statistical tests are 

indicated above the square brackets, the first one for seasonality effect (control May vs control June), 

the second one for drought effect (control June vs drought June). ns: not significant; * significant 

(Wilcoxon-Mann-Whitney test; p-value<0.05). Points refers to outliers data.
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Fig. S7: Variables contribution to the (a) first and the (b) second dimension of the PCA presented in 

Fig. 6. The red dashed line indicates the expected average contribution (7.7 %). 

(a) 

 

(b) 
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Fig. S8: Spearman’s rank correlation between analysed metabolites. Positive correlations (rho > 0) 

are shown in red and negative correlations (rho < 0) are shown in blue. The size of the circle shows 

the correlation strength. The color of the name of compound refers to its chemical class. 

 

 

 

 

 

 

 


