
1. Introduction 1 

Forests play a critical role in regulating the global hydrological and carbon cycles 2 

(Dixon et al. 1994; Pan et al. 2013). Globally, drought has been identified as the most 3 

widespread stress factor that pushes trees to their physiological threshold and causes 4 

irreversible damage (Allen et al. 2010; McDowell et al. 2008). Recently, Europe has 5 

experienced frequent devastating droughts and heatwaves, which have led to increased 6 

concern regarding the stability of local forest ecosystems and regional carbon cycles 7 

(Ciais et al. 2005; Fischer et al. 2010; Schär et al. 2004; Seneviratne et al. 2006; Zaitchik 8 

et al. 2006). European productive temperate forests have been significantly affected by 9 

these extreme drought events, and it is estimated that the droughts caused a mean 10 

reduction in net primary productivity (NPP) of 16 gC m–2 month–1 in the summer of 11 

2003 (Ciais et al. 2005). More frequent droughts can be expected as the climate warms 12 

(Meehl et al. 2004; Schär et al. 2004). Therefore, understanding the resistance of forests 13 

to drought is critical if we are to accurately forecast future forest dynamics in Europe. 14 

Previous studies have reported a height-dependence with respect to the resistance of 15 

forests to drought (Bennett et al. 2015; Lindenmayer et al. 2012; Lutz et al. 2012; 16 

Phillips et al. 2010). It has been suggested that, under drought conditions in Europe, tall 17 

vegetation experiences relatively less browning and a smaller reduction in gross 18 

primary productivity (GPP), which indicates less water stress and drought impacts on 19 

tall vegetation (Bevan et al. 2014). However, some other studies indicate large trees are 20 

more likely than small trees to succumb to extreme drought (Bennett et al. 2015; 21 

McDowell et al. 2015). For example, large trees die at twice the rate of small trees in 22 

conifer-dominated forest in the Southwest of North America from 2009 to 2016 (Stovall 23 

et al. 2019, 2020). These findings are surprising, and it is unclear why large trees 24 

experience less variability in greenness during drought, but have a higher risk of 25 



drought-associated mortality than small trees. This highlights our limited understanding 26 

of the height-dependent resistance of vegetation to drought.  27 

Base on the satellite vegetation index data, canopy height data and the meteorological 28 

data, we comprehensively explore the variations in height-dependence of the drought 29 

resistance of forests through the evolution of a drought by dividing the European 2003 30 

and 2018 droughts into three stages: the early, aggregating, and recovery stages. The 31 

specific aims of this paper are to: 1) evaluate the vegetation greenness anomalies of 32 

trees in different height across the three stages of the 2003 and 2018 drought events; 33 

and 2) investigate the potential mechanisms responsible for the differences in drought 34 

resistance among trees of different height by examining their physiological traits, 35 

including root depth, stomatal regulation, and sapflow density. 36 

2. Material and methods 37 

2.1 Data 38 

The monthly 2-m air temperature data and volumetric soil water content (SWV; at 39 

depths of 0–7, 7–28, 28–100, and 100–289 cm) with a 0.1° × 0.1° spatial resolution for 40 

the period 2001–2018 were obtained from the ERA5 dataset provided by the European 41 

Centre for Medium Range Weather Forecasts (ECMWF: 42 

https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset). The original 43 

Kelvin (K) unit of temperature from ERA5 was converted to Centigrade (°C) for ease 44 

of reading. We also obtained global monthly precipitation data for the period 2001–45 

2018, which has a spatial resolution of 0.5° × 0.5°, from the Climate Research Unit 46 

(CRU) Time Series 4.03 dataset. (http://data.ceda.ac.uk// badc/cru/). 47 



The vegetation status under drought was derived from the Moderate Resolution 48 

Imaging Spectroradiometer (MODIS) normalized difference vegetation index (NDVI) 49 

and the enhanced vegetation index (EVI; http://modis.gsfc.nasa.gov/) with a spatial 50 

resolution of 0.05° × 0.05° and a monthly temporal resolution.  51 

The forest canopy height dataset was obtained from the NASA Carbon Monitoring 52 

System (CMS) program. This dataset provides estimates of forest canopy height 53 

derived from the Geoscience Laser Altimeter System (GLAS) LiDAR instrument that 54 

onboard the NASA Ice, Cloud, and land Elevation (ICESat) satellite (Healey et al. 2016; 55 

Lefsky et al. 2007). In total, we analyzed observations from 4727 forested sites across 56 

Europe. Canopy height data points were sampled according to European biogeography 57 

regions, as defined by the European Environment Agency (EEA, 58 

https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-europe-59 

2) on the basis of climate, topography, and vegetation, which are widely accepted 60 

(Painho et al. 1996). 61 

The global maximum rooting depth dataset, which has a 1-km spatial resolution, was 62 

provided by Fan et al. (2017). This dataset is based on the inversion of an 63 

ecohydrological model combined with water table estimates, and has been extensively 64 

validated by field observations (Fig. S7). 65 

The sapflow dataset was obtained from SAPFLUXNET (https://zenodo.org/record/ 66 

3697807#. Xs4yo4gza5u), which is a compiled global plant-level sap flow 67 

measurement database. Two observing sites with similar climatic conditions and tree 68 

species (Fagus sylvatica), but significantly different tree heights, were used, namely: 69 

site DEU_STE_2P3 in Germany (Lüttschwager et al. 2007) and site 70 

FRA_HES_HE2_NON in France (Bovard et al. 2005). 71 



The global forest isohydricity metric dataset, which is calculated from the long-term 72 

diurnal variations in microwave vegetation optical depth and is dependent on vegetation 73 

water content, has a spatial resolution of 0.25° × 0.25° and was obtained from Konings 74 

et al. (2017). 75 

2.2 Methods 76 

2.2.1 Climate and vegetation anomalies calculation 77 

To calculate anomalies in temperature, precipitation, and volumetric soil water (SWV), 78 

as well as the vegetation indexes NDVI and EVI, during the drought events, the 79 

reference state was defined as the arithmetical mean for each month over the period 80 

2001–2018 (excluding the drought years of 2003 and 2018). The anomalies for each 81 

indicator were determined using the current month values relative to the reference state, 82 

an approach that is frequently used in drought studies (Ji et al. 2003; Kogan, 1995, 1997; 83 

Liu et al. 1996; Peters et al. 2002). 84 

2.2.2 Sampling methods  85 

The drought years of 2003 and 2018 experienced prolonged precipitation deficits and 86 

record-breaking high temperatures that seriously affected forest activity and biomass 87 

production across Europe. We used three steps to generate the data points of canopy 88 

heights and other parameters used in our analysis of these two drought-affected years.  89 

Step I: We first selected forests sites with height observations in the drought-affected 90 

areas that experienced temperature anomalies greater than 2°C and precipitation 91 

anomalies of less than 0 mm (Liu et al. 2020). Totally 1076 canopy height samples in 92 

2003 and 645 in 2018 from these forests were selected in this step.  93 



Step II: A critical prerequisite for exploring the differences in resistance to drought 94 

among a variety of canopy heights is to ensure that the comparisons are made under 95 

nearly the same climatic conditions. Therefore, the forests were next sampled using the 96 

European Environment Agency (EEA) biogeography regions. This division is 97 

appropriate across Europe because these zones are defined on the basis of climate, 98 

topography, and potential vegetation, and are best interpreted as areas of relatively 99 

homogeneous ecological conditions, within which comparisons and assessments of 100 

vegetation–climate feedback are meaningful (Painho et al.  1996). A further 453 canopy 101 

height samples were selected in 2003 and 436 in 2018. 102 

Step III: We used a sampling method based on a greedy algorithm (Vince 2002) that 103 

guarantees the maximum forest sites size but removes any existing correlations between 104 

canopy heights and climatic variables. The basic idea of sample method is to proceed 105 

step by step from a certain initial solution of the problem. According to some 106 

optimization measure, each step must ensure that the local optimal solution can be 107 

obtained. Only one data is considered in each step, and its selection should satisfy the 108 

conditions of local optimization. If the next data and the partial optimal solution are no 109 

longer feasible, the data is not added to the partial solution. The algorithm doesn’t stop 110 

until all data is enumerated. Detailed information related to this sampling method can 111 

be found in Text S1 and Fig. S2 of the supplementary information. We ultimately 112 

selected 397 and 393 canopy height samples for analysis from 2003 and 2018, 113 

respectively (Fig. S3).  114 

2.2.3 Statistical analysis  115 

Among the selected forest sites, the corresponding climatologic and vegetation 116 

variables were extracted and grouped into 1-m increments of forest canopy height. Then, 117 



a linear regression model was built to test whether the vegetation greenness anomalies 118 

varied with canopy height during the drought events. The reliability of the regression 119 

models was examined using a t test at a significance level of 0.05. 120 

In addition, we measured the intra-group difference in vegetation greenness anomalies 121 

and soil water content anomalies along with the drought development process by 122 

grouping canopy heights into <10, 10–20, 20–30, and >30 m. The intra-group 123 

differences were examined using a t test at a significance level of 0.05.  124 

3. Results 125 

3.1 Height-dependent resistance to drought 126 

An intense and widespread drought influenced central Europe in August 2003 with 127 

maximum positive temperature anomalies reaching 6.1°C and maximum negative 128 

precipitation anomalies of approximately 101.4 mm (Fig. S5). These dry and hot 129 

conditions gave rise to a rapid shift in vegetation color from green to brown across 130 

central Europe in August (Liberto 2018). About 98.7% of samples from 2003 showed 131 

negative NDVI anomalies, and the largest decrease in NDVI was observed in central 132 

France in 2003. In contrast, the drought in August 2018 exhibited lower temperature 133 

anomalies (4.1°C) but a more pronounced precipitation deficiency (122.5 mm) in 134 

central Europe (Liu et al. 2020). About 91.2% of samples from 2018 showed negative 135 

NDVI anomalies, and the largest anomalies were observed in eastern Germany (Fig. 1a, 136 

c). 137 



 138 

Fig. 1 Anomalies in MODIS NDVI and variations binned by tree height. (a, c) 139 

NDVI anomalies in August 2003 and August 2018. The anomalies are relative to the 140 

reference state defined as the mean values over the period 2001–2018 (excluding 2003 141 

and 2018). The colored triangles indicate trees of different heights (<10, 10–20, 20–30, 142 

and >30 m). (b, d) The relationship between NDVI anomalies and tree height grouped 143 

at each 1-m height for August 2003 (397 Samples) and August 2018 (393 Samples). 144 

The green dot size reflects the number of sample points in each height class. Error bars 145 

indicate standard deviations. The significance of the relationship was examined using a 146 

t test at a significance level of 0.05. 147 

During both drought events, negative NDVI anomalies are obvious and cover large 148 

areas of central Europe, where conifer forests are dominant (Fig. 1a, c). A significant 149 

positive relationship between canopy height and NDVI anomalies is observed in both 150 

2003 (R2 = 0.47, p < 0.05) and 2018 (R2 = 0.33, p < 0.05; Fig. 1b, d), which indicates 151 

that short trees experienced more browning than tall trees and thereby have a lower 152 

resistance to drought. For every 10 m the trees grew, the average NDVI anomalies 153 

decreased by approximately 1.35% and 1.26%, in 2003 and 2018, respectively. We used 154 

the EVI dataset to validate these relationships and obtained similar results, although the 155 



R2 values were slightly smaller (Fig. S4, R2 = 0.37 and 0.28 for 2003 and 2018, 156 

respectively). This observed height-dependence of the resistance of trees to drought is 157 

supported by previous work that suggested a regionally coherent positive correlation 158 

between tree height and NDVI anomalies across eastern France and most of Germany 159 

(Bevan et al. 2014). 160 

3.2 Temporal evolution of height-dependent resistance to drought. 161 

We extended our investigation of the meteorological and vegetation conditions to reveal 162 

the drought evolution process and track variations in the resistance of the trees to water 163 

deficiency in different heights. Trees from the drought-affected areas were binned into 164 

four groups according to canopy height (<10, 10–20, 20–30, and >30 m) for 165 

convenience of comparison (Fig. 2a, c). It is clear that both drought events were 166 

preceded by a warm and dry spring (early stage: I), then the persistent increasing 167 

temperature and decreasing precipitation developed into a serious summer drought 168 

(aggravating stage: II), and finally temperature and precipitation returned to normal 169 

climatic levels (recovery stage: III) indicating the end of the drought events and 170 

vegetation recovery.  171 

Generally, NDVI changes followed a similar temporal evolution but with differing 172 

fluctuation amplitudes during both drought events. Positive NDVI anomalies are 173 

observed from May to June in most areas indicating the brief green-up occurring in the 174 

warm spring (Figs 2a, b and S5a, b, h, i), in consistent with the previous report (Zaitchik 175 

et al. 2006). The maximum NDVI anomalies occurred in May, with 1.6% in 2003 and 176 

3.1% in 2018 (Table S1). Spring vegetation green-up enhanced evapotranspiration, and 177 

thereby contributed to rapid soil drying (Bevan et al. 2014; García-Herrera et al. 2010; 178 

Zaitchik et al. 2006), and consequently caused the dramatic browning of vegetation in 179 



the summer (Fig. S5). Owing to the soil moisture deficit (Garciaherrera et al. 2010), the 180 

most serious forest browning was observed in August, with maximum NDVI anomalies 181 

of –6.6% in 2003 and –5.1% in 2018 (Table S1). Finally, the forest began to recover as 182 

the temperature and precipitation returned to normality after both events (Fig. 2a, c). 183 

The average NDVI anomalies of the forest sites studied had rebounded to –1.1% and –184 

2.5% in October of 2003 and 2018, respectively (Table S1). 185 

186 
Fig. 2 a, c Average air temperature anomalies (red dashed line), precipitation 187 

anomalies (blue dashed line), and NDVI anomalies for the four height classes 188 

relative to the 2001–2018 average (excluding 2003 and 2018) for the time series 189 

from 2003 and 2018: <10 m (black solid line); 10–20 m (green solid line); 20–30 m 190 

(blue solid line); >30 m (red solid line). Error bars and shaded error regions around 191 

each curve are standard deviations b, d Differences in NDVI anomalies between 192 

different height classes. Different symbols represent different height class groups. The 193 

significance of the difference was calculated using a t test with a significance level of 194 

0.05 (**) and 0.01 (***). Gray shaded regions show the duration (April to October) of 195 

drought in 2003 and 2018. 196 

Obvious differences in the greenness response of the trees is evident among the various 197 

height groups throughout the development of the drought events, which suggests that 198 

the height-dependent drought resistance of the trees persisted throughout the drought 199 



events. Taller trees generally showed more greening in the early stage, less browning 200 

in the aggravating stage, and also less re-greening in the recovery stage. For instance, 201 

the maximum anomalies of NDVI variations are 5.1% for trees >30 m in aggravating 202 

stages of the 2003 drought, in contrast to 8.1% for tree <10 m (Fig. 2a, c). This 203 

phenomenon can also be observed for the drought event of 2018; i.e., 6.6% and 4.9% 204 

for trees <10 and >30 m, respectively (Table S1).  205 

We also conducted a pairwise comparison to further test the group differences during 206 

the drought evolution process (Fig. 2b, d). Trees over 30 m tall and those less than 10 207 

m tall show the most obvious differences when compared with trees from the other 208 

groups. Throughout all stages of the two drought events, we observed significant 209 

differences between NDVI anomalies of trees <10 m and the other groups of trees. For 210 

trees >30 m, the significant differences are found with <10m, 10-20m, 20-30m groups 211 

in 2003 but only with <10m group in 2018. The smallest NDVI anomaly gap exists 212 

between trees of 10–20 m and those of 20–30 m (Fig. 2b, d). Generally, trees undergo 213 

significant changes in size, growth form, and physiology as they proceed from seedlings 214 

to maturity further to old age. These changes significantly affect hydraulic conductance 215 

and photosynthesis, and consequently show significant greenness differences during 216 

droughts (Hubbard et al. 1999; Nepstad et al. 2007; Ryan et al. 1997; Ryan & Yoder 217 

1997; Xu et al. 2018; Zhang et al. 2009).  218 

Although similar drought development processes were clear in both 2003 and 2018, we 219 

found that smaller forest group differences in the NDVI anomalies occurred during the 220 

extreme drought stage of 2018 (1.7%) than in 2003 (3.0%). Correspondingly, the 221 

differences among the 10–20, 20–30, and >30 m groups were less significant during all 222 

stages of the drought in 2018 (Fig. 2b, d). This may suggest that the more severe the 223 

drought, the more pronounced the height-dependent tree resistance (Bevan et al. 2014; 224 



Xu et al. 2018). However, this would need to be demonstrated in more drought events 225 

with varying intensity. 226 

3.3 Height-dependence of tree’s hydraulic absorption behavior to drought  227 

Soil water deficiency is the fundamental cause of tree browning during droughts 228 

(Fischer et al. 2007; Liu et al. 2020). Here, we used the anomalies in volume of water 229 

in four soil layers (covering depths of 0–7, 7–28, 28–100, and 100–289 cm) to represent 230 

the soil water deficiency during the droughts of 2003 and 2018 (Fig. 3a, c). We found 231 

that the deep soil water profiles slowly and steadily declined during the drought 232 

evolution process. For example, the soil layer at 100–289 cm began to show a hydraulic 233 

deficiency in March 2003 and April 2018, 1–2 months later than shallow soil water 234 

above 100cm during the two droughts. In addition, both the amplitude and frequency 235 

of water content variations in the 100–289 cm soil later were remarkably lower than 236 

those seen in the upper 100 cm (Fig. 3a, c).  237 

As a key physiological structure of trees to absorb soil moisture, the root vertical 238 

distribution is directly related to tree’s water supply status and closely linked with 239 

canopy height (Schenk et al. 2002). Therefore, we used root depth dataset provided by 240 

Fan et al. (2017) to investigate the root depth distribution of our sample points. Taller 241 

trees have not only deeper roots, but also a larger proportion of deeper roots (Fig. 3b, 242 

d), which allows them to buffer drought stress by absorbing water from deeper soil 243 

(Giardina et al. 2018; Martínez‐Vilalta et al. 2017; Nepstad et al. 1994). For trees taller 244 

than 30 m, about 63.3% (2003) and 48.4% (2018) of their roots were distributed below 245 

2.89 m, facilitating a stable moisture supply from the deeper soil, which led to a lagged 246 

and reduced loss of their greenness. In contrast, more than 40% of <10m trees 247 

developed root systems within the upper 100 cm of the soil, thus the rapid water loss 248 



from this near-surface soil could potentially lead to their greater browning (Table S2). 249 

However, it is also worth noting that shallow soil is more easily replenished by 250 

precipitation, and this favors the faster recovery of shorter trees with shallower root 251 

systems. This phenomenon may explain why the mortality of small trees tends to peak 252 

in the early stage of droughts (Stovall et al. 2019), whereas for tall trees, peak mortality 253 

tends to occur later during periods of prolonged drought (Bigler et al. 2007). 254 

255 
Fig. 3 a, c Average root depths (boxplot) and proportions at different soil depths 256 

(histogram) of four height classes: <10 m (black), 10–20 m (green), 20–30 m (blue), 257 

and >30 m (red) in the study area. Differences in root depth between different 258 

height classes are also shown. The significance of the differences was calculated using 259 

a t test with significance levels of 0.05 (**) and 0.01 (***). b, d Average volumetric 260 

soil water content anomalies for four soil-depth ranges for time series from 2003 261 

and 2018: 0–7 cm (cyan solid line), 7–28 cm (blue solid line), 28–100 cm (red solid 262 

line), and 100–289 cm (black solid line). Shaded error regions around each curve are 263 

standard deviations. Gray shaded regions show the duration (April to October) of the 264 

droughts in 2003 and 2018. Horizontal and vertical two-way arrows show the response 265 

time lag and the decreased extent, respectively. 266 

3.4 Height-dependence of tree’s hydraulic regulating behavior to drought  267 

During drought events, reduced precipitation leads to declines in soil moisture, and this 268 

is accompanied by higher temperature and increased evaporation demand from the 269 



atmosphere (Garciaherrera et al. 2010; Liu et al. 2020; Teuling et al. 2006). These 270 

environmental factors together stimulate hydraulic regulation behaviors in trees, 271 

including reduced stomatal conductance to suppress transpiration, and improved 272 

hydraulic conductance in the xylem to transport more moisture from roots to leaves 273 

(Giardina et al. 2018; Gimenez et al. 2013; Konings et al. 2017; McDowell et al. 2008). 274 

To quantify the height-dependence of the hydraulic regulation capacity of the trees, we 275 

used a sapflow density dataset to examine variations in stomatal conductance as the 276 

droughts evolved (Phillips et al. 1998; Poyatos et al. 2016). We used data from two 277 

forest survey sites with different canopy heights, i.e., FRA_HES_HE2_NON in France 278 

and DEU_STE_2P3 in Germany, which recorded the sapflow density variations during 279 

the drought of 2003 (Fig. 4). 280 

281 
Fig. 4 Sapflow site description and mean daily sapflow density (per cm2 of sapwood 282 

cross-sectional area) during 2003. a. NDVI anomalies distribution in August 2003 283 

and selected site information. b, The average tree height and annual mean temperature 284 

and precipitation at the two forest survey sites. c, d Evolution of sapflow density for 285 

two forest survey sites. The trees in DEU sites are divided into two groups (red: shorter, 286 

blue: taller) according to their height. The sapflow for each group is averaged. A 5-day 287 

running average was applied to the sapflow data to improve readability. Shaded error 288 

regions are standard deviations. The gray shaded region shows the peak sapflow density 289 

during the two distinct periods of exceptional heat that occurred in 2003. The blue and 290 

red dashed lines demonstrate the lag effect of stomatal regulation. 291 



The sapflow density of trees at both sites showed an increasing trend during the stage 292 

I, indicating that trees optimize stomatal conductance for photosynthesis, which 293 

explained the greening-up in the stage I. The exceptional heat in June (García-Herrera 294 

et al. 2010) did not significantly increase the sapflow density of trees in site DEU, but 295 

instead showed decline trend. This suggests that trees can close stomata to reduce 296 

transpiration and to avoid excessive water consumption. From June to August, sapflow 297 

density stayed with a steady fluctuation (Fig. 4c). However, there are some differences 298 

between tall and short trees. The decline in the sapflow density of taller trees (31.8m) 299 

occurred earlier than shorter trees (27.6m) in stage I and maintained a lower sapflow 300 

density peak in August, indicating their greater stomatal adjustment ability with respect 301 

to buffering environmental evaporation demand (Hubbard et al. 1999; Konings et al. 302 

2017). The earlier decline in the sapflow density of taller trees supports previous works 303 

that found that stomatal conductance declines more quickly with the air saturation 304 

deficit in old trees than in young trees because older trees show lower conductance over 305 

the entire summer to avoid water loss (Giardina et al. 2018; Hubbard et al. 1999). 306 

However, the stomatal closure during drought is highly likely to increase the mortality 307 

risk of tall trees because it leads to the excessive consumption of carbon (McDowell et 308 

al. 2008; West et al. 1999). In contrast, the sapflow density of short trees (site FRA, 309 

15.2m) significantly raises up to its peak value (10.3 ± 1.3 cm-3 cm–2 h–1), indicating 310 

stronger transpiration (Gimenez et al. 2013), and the exacerbating consumption of soil 311 

water and stem stored water, and eventually contributing to the serious browning of 312 

short trees in August.  313 

Tree-scale isohydricity reflects the degree to which a tree can regulate leaf water 314 

potential while environmental conditions are drying (Konings et al. 2017). 315 

Anisohydricity is the converse of isohydricity, and refers to large variations in leaf 316 



water potential. The weak but significantly negative relationship between 317 

anisohydricity and tree height (Fig. S8b) is consistent with the observation that taller 318 

trees tend to close their stomata during drought periods to maintain a relatively constant 319 

leaf water potential as the soil water potential decreases and atmospheric conditions dry 320 

(Giardina et al. 2018; McDowell et al. 2008). In general, taller trees implement a strict 321 

regulation strategy between water absorption and loss to resist drought (McDowell et 322 

al. 2008). 323 

4. Conceptual framework for height-dependent resistance of trees during drought 324 

Drought accompanied by global warming induced high temperatures is likely to be a 325 

widespread environmental stress that will affect forest productivity in the future. Here, 326 

we present a process-based schematic diagram (Fig. 5) to crystallize our understanding 327 

of the three-stage response of trees to this kind of drought disturbance, and the hydraulic 328 

regulation via water absorbing, conducting, and transpiring mechanisms. 329 

330 
Fig. 5 Schematic diagram showing response of tree activity in different height 331 

classes to drought. The response of trees of different heights as the drought intensifies 332 

(color of trees and red gradient above the X-axis) and the trend (black solid curve and 333 

blue gradient below X-axis) of soil moisture in different soil depths (shallow, middle, 334 

deep) changes with the intensification of the drought. During the transition of soil water 335 



conditions from wet to dry (bottom blue gradient arrow), which is typical for a drought, 336 

different stages can be distinguished that reflect the different responses of trees of 337 

different heights and root depths, and we refer to these as stages I, II, and III. The color 338 

of trees reflects the degree of greening or browning. The smaller arrow indicates the 339 

different physiological functions: photosynthesis (H2O: blue gradient up arrow, CO2: 340 

gray gradient down arrow), Gs (stomatal conductance), precipitation (blue gradient 341 

down arrow), root water uptake (black gradient up arrow) and R (water transport 342 

resistance). 343 

Stage I (Early stage: Greening-up). When the soil water status is adequate and 344 

atmospheric evaporative demand is low, increased temperature initiates green-up of the 345 

trees (Zaitchik et al. 2006). Taller trees show a greater degree of greening for 346 

maximization of light interception to rapid grow (Gimenez et al. 2013). The root system 347 

and fully opened stomata maintain the uplift of water from the soil to the leaves, 348 

ensuring optimal rates of photosynthesis (Gimenez et al. 2013; Hsiao 1973). A steady 349 

increase in sapflow density demonstrates the better hydraulic conductance and 350 

increased water-use demand for trees of all heights. 351 

Stage II (Aggravating stage: Browning). As the vapor pressure deficit increases and the 352 

soil continues to dry, there is less available soil water for root uptake, particularly for 353 

shorter trees with shallow root systems. Combined with the dramatic green-up in the 354 

previous stage, which aggravates the water deficit, short trees exhibit rapid and severe 355 

browning, and use leaf shedding to mitigate water stress to the remaining foliage. In 356 

contrast, benefiting from their deeper roots, tall trees are able to access the relatively 357 

steady and plentiful moisture stored in the deeper soil to effectively buffer the water 358 

scarcity in the near-surface soil (Brienen et al. 2017; Dawson 1996; Giardina et al. 2018; 359 

McDowell et al. 2008; Stovall et al. 2019; Vicente-Serrano et al. 2013). Taller trees also 360 

exert a more effective hydraulic regulation capacity, by maintaining steady and low 361 

sapflow density and strict isohydricity between stomatal and xylem conductance (Figs 362 

4 and S5), before the continued drought leads to hydraulic failure (Hubbard et al. 1999; 363 



Konings et al. 2017; McDowell et al. 2008). As a consequence, taller trees exhibit a 364 

hysteretic and less pronounced browning during extreme drought events.  365 

Stage III (Recovery). With the decrease in air temperature and the return of precipitation, 366 

the water deficit experienced by the trees is relieved and recovery begins. The shallow 367 

roots and shorter water transport path of shorter trees encourage the rapid uptake of 368 

water and a quicker recovery (Stovall et al. 2019; West et al. 1999). The recovery of 369 

the taller trees is limited by factors such as delays to the recharge of water in the deeper 370 

soil (Dawson et al. 1996; Fan et al. 2017), interception of soil water by shallower roots 371 

(Cannon 1911; Fan et al. 2017; Zipper et al. 2015), longer water uplift and transport 372 

pathways (Martínez‐Vilalta & Garcia‐Forner 2017; Martínez‐Vilalta et al. 2014), and 373 

finally, possible physiological changes associated with drought-induced stomatal 374 

closure. Low rates of photosynthesis caused by stomatal closure can lead to depletion 375 

of non-structural carbohydrate pools (McDowell et al. 2008; Stovall et al. 2019) and 376 

also damage to hydraulic pathways including the reversible collapse of leaf veins, 377 

regulation of aquaporins in cell membranes, and the formation of cortical lacunae in the 378 

fine roots (Choat et al. 2018). Thus, the recovery of tall trees is a relatively slower 379 

functional reviving process. In other scenarios of persistent drought and deep soil water 380 

deficit could not be alleviated, the hydraulic regulation at the previous stage may 381 

increases the risk of carbon starvation (Sevanto et al. 2014), thus increasing mortality 382 

risk for tall trees (Stovall et al. 2019).  383 

In general, tree height was the strongest predictor of tree response during drought, in 384 

that it leads to different strategies by which trees attempt to cope with drought stress. 385 

Trees optimize their root systems, leaf stomata, and xylem tissue to form a balance 386 

between limiting the loss of water and allowing maximal photosynthesis subject to 387 



water availability (Cowan et al. 1977; Manzoni et al. 2011; Medlyn et al. 2011). Trees 388 

adjust their water regulation strategy as they grow taller and age, and inherit species-389 

specific hydraulic traits adapted for specific environments.  390 

5. Conclusions 391 

Devastating droughts are becoming more frequent in Europe and are already having 392 

significant impacts on the forest structure and function. In this study, we examined the 393 

phenomenal and hydraulic response of trees to droughts, focused on the height-394 

dependent behavior of trees during the drought evolution process. We defined three 395 

stages of a drought event based on the greenness of trees: early (green-up), middle 396 

(browning), and post (recovery). Our observations illustrate that shorter trees are more 397 

vulnerable to shorter, more intense droughts; however, they are more likely to recover 398 

than taller trees after droughts. Shorter trees are more sensitive to water condition 399 

variations, including water deficit and water recovery. Although taller trees are more 400 

resistant to short, intense droughts, a prolonged water deficit likely cause more serious 401 

damage to taller trees. Root systems and stomata are important physiological structural 402 

controls on the balance between water loss and gain, and it is this balancing behavior 403 

that drives the height-dependent resistance of forests to drought stress.  404 

We have demonstrated in this work how the differences in structure affect the response 405 

of tall and short trees to water availability at each stage of a drought, and also shown 406 

the response of these different physiological mechanisms to the intensity and duration 407 

of water stress. The natural succession and anthropogenic deforestation are likely to 408 

alter the forest structure and also the hydraulic traits that help to resist heatwaves and 409 

droughts. Process-based vegetation models require to incorporate the hydraulic-trait 410 



dynamics of trees under water-limiting conditions if we are to improve our 411 

understanding of the resilience of forests under future climate change. 412 
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