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Abstract

Recent European heatwaves have significantly impacted forest ecosystems, leading to increased plant water stress. Advances

in land surface models aim to improve the representation of vegetation drought responses by incorporating plant hydraulics

into the plant functional type (PFT) classification system. However, reliance on PFTs may inadequately capture the diverse

plant hydraulic traits (PHTs), potentially biasing transpiration and vegetation water stress representations. The detection of

vegetation drought stress is further complicated by the mixing of different tree species and forest patches. This study uses the

Community Land Model version 5.0 to simulate an experimental mixed-forest catchment with configurations representing stan-

dalone, patched mixed, and fully mixed forests. Biome-generic, PFT-specific, or species-specific PHTs are employed. Results

emphasize the crucial role of accurately representing mixed forests in reproducing observed vegetation water stress and transpi-

ration fluxes for both broadleaf and needleleaf tree species. The dominant vegetation fraction is a key determinant, influencing

aggregated vegetation response patterns. Segregation level in PHT parameterizations shapes differences between observed and

simulated transpiration fluxes. Simulated root water potential emerges as a potential metric for detecting vegetation stress

periods. However, the model’s plant hydraulic system has limitations in reproducing the long-term effects of extreme weather

events on needleleaf tree species. These findings highlight the complexity of modeling mixed forests and underscore the need

for improved representation of plant diversity in land surface models to enhance the understanding of vegetation water stress

under changing climate conditions.
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Key Points: 9 

 We show that the model's dominant fraction of a mixed ecosystem masks the water status 10 

of smaller fractions within a grid cell. 11 

 We demonstrate that refining the plant hydraulic traits based on species presence 12 

improves the representation of mixed forests in CLM5. 13 

 We evidence the limitations of CLM5 in reproducing the needleleaf water stress using 14 

tree water deficit measurements. 15 
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Abstract 17 

Recent European heatwaves have significantly impacted forest ecosystems, leading to increased 18 

plant water stress. Advances in land surface models aim to improve the representation of 19 

vegetation drought responses by incorporating plant hydraulics into the plant functional type 20 

(PFT) classification system. However, reliance on PFTs may inadequately capture the diverse 21 

plant hydraulic traits (PHTs), potentially biasing transpiration and vegetation water stress 22 

representations. The detection of vegetation drought stress is further complicated by the mixing 23 

of different tree species and forest patches. This study uses the Community Land Model version 24 

5.0 to simulate an experimental mixed-forest catchment with configurations representing 25 

standalone, patched mixed, and fully-mixed forests. Biome-generic, PFT-specific, or species-26 

specific PHTs are employed. Results emphasize the crucial role of accurately representing mixed 27 

forests in reproducing observed vegetation water stress and transpiration fluxes for both 28 

broadleaf and needleleaf tree species. The dominant vegetation fraction is a key determinant, 29 

influencing aggregated vegetation response patterns. Segregation level in PHT parameterizations 30 

shapes differences between observed and simulated transpiration fluxes. Simulated root water 31 

potential emerges as a potential metric for detecting vegetation stress periods. However, the 32 

model's plant hydraulic system has limitations in reproducing the long-term effects of extreme 33 

weather events on needleleaf tree species. These findings highlight the complexity of modeling 34 

mixed forests and underscore the need for improved representation of plant diversity in land 35 

surface models to enhance the understanding of vegetation water stress under changing climate 36 

conditions. 37 

Plain Language Summary 38 

Numerical simulation models for large-scale ecosystems often oversimplify mixed forests, 39 

neglecting the diversity of species and structural complexity. This oversight impacts the accuracy 40 

of simulated plant water use, especially during droughts and heatwaves. This study focused on 41 

the specific traits of key tree species at a Luxembourg site, aiming to enhance the model's ability 42 

to represent the vegetation response to extreme conditions. By incorporating detailed plant traits, 43 

the model improved in replicating observed tree water use and identifying periods of water 44 

deficit. The findings highlight the importance of considering the functional diversity of mixed 45 

forest ecosystems for accurate simulations. Moreover, the study introduces a simple metric using 46 

the model's structure to pinpoint periods when different species experience severe water deficit. 47 

The proposed metric provides a practical tool for identifying critical periods of water stress for 48 

various species within mixed forests. This approach enhances our understanding of mixed forest 49 

dynamics under extreme conditions, emphasizing the need for nuanced representations in large-50 

scale models.  51 

1 Introduction 52 

The increasing frequency and intensity of droughts and heatwaves in Europe pose challenges to 53 

vegetation (He et al., 2020), affecting various  physiological processes (Arend et al., 2021; Hajek 54 

et al., 2022; Obladen et al., 2021; Senf et al., 2020). Dendrochronological studies indicate that 55 

coniferous trees (e.g., Spruce or European Larch) are generally more susceptible to drought than 56 

broadleaf trees (e.g., Beech or deciduous Oaks) (Vitasse et al., 2019). However, recent severe 57 

events, like the 2018 drought in central Europe, have endangered even the typically resilient Oak 58 

and Beech trees, with projections suggesting worsening conditions in the future (Schuldt et al., 59 
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2020; Shekhar et al., 2024) . These extreme events disrupt the plant water transport system 60 

(Dietrich et al., 2019; Kannenberg, Novick, & Phillips, 2019; Tomasella et al., 2019), leading to 61 

constraints on carbon assimilation, delayed phenological development, and reduced plant 62 

growth. The negative effects of drought have lasting implications for a forest's long-term 63 

resilience to environmental changes. (Kannenberg et al., 2020; Van Passel et al., 2022). The 64 

combination of the duration of these impacts and the extent of disruption in physiological 65 

processes is termed as legacy effects. Recognizing and understanding these enduring 66 

consequences are crucial for assessing the overall health and adaptability of forest ecosystems in 67 

the face of evolving environmental conditions.  (Kannenberg, Novick, Alexander, et al., 2019; 68 

Yu et al., 2022). 69 

The responses of forest to changing environmental conditions is heavily influenced by 70 

tree competition (e.g., Fernández-de-Uña et al., 2015; Ford et al., 2017), where tree demography 71 

(e.g., size, age) and diversity (e.g., species) are the key features determining the individual tree 72 

interactions (Felton et al., 2010; Jactel et al., 2017; Pretzsch et al., 2013). Mixed forests, 73 

featuring multi-generational tree populations in the same area (del Río et al., 2018), exhibit 74 

structural complexity that enhances tree survival during prolonged droughts or heatwaves (Ma et 75 

al., 2023). The dynamic equilibrium in these ecosystems involves a balance between niche 76 

separation and resource competition among different tree species, with finite resources such as 77 

water, light, space, and nutrients influencing the vegetation response (Bravo-Oviedo et al., 2014). 78 

Resource competition among tree species in mixed forests is a dynamic process influenced by 79 

latitude, forest successional stage, and environmental conditions (McDowell et al., 2020). The 80 

intra-specific competition (Bosela et al., 2015) is amplified when environmental extremes, such 81 

as heatwaves and droughts occur, resulting in more frequent and massive die-off in the forests 82 

(Hammond et al., 2022). Furthermore, when exploring the effects of species mixing, site-83 

dependent conditions like geology, species spatial distribution or forest successional stage must 84 

be taken into account (Gong et al., 2020; Han et al., 2022; Mina et al., 2018) to isolate the 85 

response related to species interactions from the effect of environmental factors.  86 

The forest response to severe weather conditions, like  heatwaves, has been monitored 87 

using remote sensing products that analyze long-term changes in land surface temperature, 88 

vegetation health index, or normalized difference vegetation index (e.g., Bento et al., 2020; 89 

Prăvălie et al., 2022). Although these products enable the simultaneous monitoring of large 90 

areas, their spatial resolution is inadequate to investigate physiological processes at the tree or 91 

organ level, such as stem dehydration. (e.g., stem dehydration). In this regard, in-situ 92 

measurements carried out with stem psychrometers, sap flow sensors, and tree dendrometers 93 

(e.g., Brinkmann et al., 2016; Guan et al., 2022; Mohanty et al., 2017; Zweifel et al., 2005) 94 

provide an inside view of multiple physiological aspects of the trees. Stem psychrometers 95 

measure water potential (Dixon & Tyree, 1984), revealing how plants respond to specific 96 

environmental stressors like droughts (Steppe, 2018). Sap flow sensors gauge sap velocity that 97 

can be upscaled to tree and stand transpiration (ET) estimates (Poyatos et al., 2021). Tree 98 

dendrometers measure changes in tree diameter,  allowing for the calculation of growth and the 99 

tree water deficit (TWD) (Zweifel et al., 2014). Therefore, the continuous monitoring of 100 

individual trees generates a detailed data set describing how the diverse forest tree population 101 

respond to harsh meteorological conditions that cannot be retrieved with remote sensing 102 

products. 103 
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Latest versions of land surface models (LSMs) have implemented a plant hydraulic 104 

system (PHS) to reproduce the water transport of the vegetation (e.g., Bonan et al., 2014; Eller et 105 

al., 2020; L. Li et al., 2021a), reduce the bias of soil-moisture based formulations of plant water 106 

stress (Sloan et al., 2021) and improve the simulated transpiration rates (e.g., Kennedy et al., 107 

2019; L. Li et al., 2021a). The PHS uses the plant vulnerability curve (PVC) to characterize the 108 

hydraulic stress in the vegetation by describing plant hydraulic conductivity as a function of the 109 

water potential in a given plant organ (i.e., percent loss of hydraulic conductivity, 110 

PLC)  (Venturas et al., 2017). The implementation of the PHS in LSMs allows to mimic the 111 

interspecific variability of plant transpiration response across forest stands and sites (e.g., 112 

(Jiménez-Rodríguez et al., 2024; Kennedy et al., 2019; Wu et al., 2020). Furthermore, the 113 

explicit simulation of the water potential in different plant segments (i.e., roots, stem, and leaves) 114 

provides the opportunity to compare the simulated plant water stress with novel measurements 115 

such as the TWD by exploiting experimental evidence on the link between tree diameters and 116 

water status (Dietrich et al., 2018; Schäfer et al., 2019). 117 

The implementation of the PHS approach in LSMs relies on the homogenization of plant 118 

hydraulic traits (PHTs) for each plant functional type (PFT). The PFT classification uses a three-119 

level system based on latitudinal location, phenology, and plant type (Colin Prentice et al., 120 

1993) assuming homogeneous conditions for some biophysical variables of the forest (e.g., 121 

aerodynamic conductance). However, the use of the PFT classification system is currently under 122 

scrutiny due to its limitations in representing the functional diversity of forest ecosystems 123 

(Cranko Page et al., 2024). Therefore, the PHT parameterization of individual PFTs is a daunting 124 

task because the PHTs vary between individual trees and even more so between species of the 125 

same PFT (Domec et al., 2012; Hochberg et al., 2018; Rosner et al., 2019). This highly diverse 126 

nature of PHTs has become a major obstacle for PFT classification, highlighting the need to 127 

adopt alternative approaches (e.g., habitat filtering) where PHTs of different vegetation types are 128 

restricted according to trait-environment relationships (Chatanga & Sieben, 2020; Fry et al., 129 

2019; Verheijen et al., 2015; Violle et al., 2014). In this regard, the use of the PFT classification 130 

to evaluate the PHS may be less problematic for mono-specific stands and more challenging for 131 

more complex ecosystems such as mixed forests that require a more detailed representation of 132 

their PHTs (Bohrer & Missik, 2022). For instance, in boreal mixed forests composed of Spruce 133 

and Birch species or in the Mesophytic deciduous forests dominated by Pedunculate Oak and 134 

Hornbeam (Barbati et al., 2014), there are examples in which the PHTs (e.g., Ψp50) of the main 135 

tree species differ considerably (Laughlin et al., 2023). This issue is further complicated in 136 

highly segregated landscapes where multiple PFTs, located within the same model grid cell, 137 

interact through the shared resources (e.g., soil water). While previous studies have tackled the 138 

challenge of representing sub-grid heterogeneity to understand the impacts of topographical 139 

gradients (Tesfa & Leung, 2017), hydrological processes (Torres-Rojas et al., 2022), or 140 

vegetation types (Ke et al., 2013) on the estimation of energy and water fluxes, no study has yet 141 

evaluated the impact of sub-grid heterogeneity on the simulated plant water stress in LSMs. In 142 

particular, the effect of homogenizing PHTs within single PFTs and/or across the landscape on 143 

the simulated plant water stress is still poorly understood. 144 

This manuscript aims to assess the impact of standardizing the PHTs within the PFT 145 

classification system for diverse sub-grid representations of the landscape. The study investigates 146 

the transpiration and plant water status simulated by the advanced Land Surface Model, CLM5.0. 147 

It utilizes species- and region-specific PHTs, examining standalone, mixed patched, and fully-148 

mixed forest stands. The underlying hypothesis suggests that a more detailed characterization of 149 



manuscript submitted to Water Resources Research 

 

PHTs in mixed forest ecosystems will better represent observed water fluxes and stress 150 

compared to the generic PFT generic parameterization. The study conducted a series of point-151 

scale numerical experiments employing generic, PFT-specific, and species-specific plant 152 

hydraulic parameterizations. It considered both shared and separated access of forest stands to 153 

soil water resources. The research was conducted in the Weierbach catchment (Luxembourg), 154 

which has been extensively monitored in the last two decades (Hissler et al., 2021). The mixed 155 

forest cover of the Weierbach catchment allows for characterizing PHTs of two PFTs (i.e., 156 

broadleaf deciduous temperate trees (BDT) and needleleaf evergreen temperate trees (NET) and 157 

four tree species (i.e., Oak, Beech, Spruce, and Douglas fir). These species, representative of 158 

BDT and NET PFTs in Europe, have been monitored using sap flow and dendrometer sensors, 159 

providing information on the fluxes and plant water status under various weather conditions, 160 

including extreme weather events. 161 

2 Materials and Methods 162 

Forests in Europe cover 35% of the land area (FOREST EUROPE, 2020), and most of 163 

these stands are dominated by broadleaf deciduous (BDF) and needleleaf evergreen (NEF) 164 

forests (Poulter et al., 2015). The BDFs are represented mainly by Beech (Fagus sylvatica L.), 165 

Birch (Betula sp.), Hornbeam (Carpinus betulus L.), Maple (Acer sp.), and Oak (Quercus sp.) 166 

trees (de Rigo et al., 2016; Nascimbene et al., 2013). In Europe, the NEFs are mainly represented 167 

by Pine (Pinus sp.) and Spruce (Picea sp.) trees (Buras & Menzel, 2019; de Rigo et al., 2016) 168 

with commercial plantations of the non-native Douglas fir (Pseudotsuga menziesii (Mirbel) 169 

Franco)  (Thomas et al., 2022). The Weierbach catchment in Luxembourg is covered by BDF 170 

and NEF forests, spatially distributed as mixed and standalone patches, respectively. The 171 

availability of continuous measurements of sap flow and tree diameters between 2019 and 2021 172 

makes this case study suitable for evaluating the impact of the recent climate extremes on 173 

Europe's most representative forest types. 174 

2.1. Study Site 175 

The Weierbach catchment is located in the western part of Luxembourg (N: 49 49’ 38”, 176 

E: 5 47’ 44”), covering an area of 0.45 km
2
, and an elevation range from 450 m a.s.l. to 500 m 177 

a.s.l. The catchment contributes to the Alzette river basin with a mean annual stream discharge of 178 

478 mm yr
-1

 (Hissler et al., 2021). This catchment features a “V” shape topography and is 179 

located on top of a schist’s bedrock (Pfister et al., 2017), with a plateau feature on the upper 180 

catchment characterized by deep periglacial deposits and the hillslope with shallow soils 181 

(Martínez-Carreras et al., 2016). Soil characteristics in the plateau allow a larger storage capacity 182 

than in the shallow soils on the hillslope. The first 30 cm of soil have a silty clay texture, 183 

changing towards a loam texture at deeper layers (Glaser et al., 2016). The catchment has a semi-184 

marine climate (Hissler et al., 2021) with a mean annual precipitation of 953 mm yr
-1

 and a mean 185 

annual temperature of 8.9 °C. The forested catchment is covered by a mixed deciduous forest of 186 

Beech (Fagus sylvatica L.) and Oak trees (mostly hybrids of Quercus petraea (Matt.) Liebl. and 187 

Quercus robur L.) covering 77.6% of the catchment, with the remaining 22.4% covered by small 188 

patches of coniferous stands of Spruce (Picea abies (L.) H. Karst.) and Douglas fir (Pseudotsuga 189 

menziesii (Mirbel) Franco) (Figure 1). 190 

 191 
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 192 

 193 

Figure 1. Map of the forested land cover at the Weierbach catchment obtained from the aerial 194 

LIDAR survey (ACT, 2020) describing the canopy height variation. The map also shows the 195 

spatial distribution of the environmental sensors (i.e., soil moisture, sap flow, and dendrometers) 196 

installed in the catchment. The schema on the left side of the figure represents the 197 

implementation of the catchment in the CLM5.0 modeling framework. 198 

2.2 Transpiration estimates 199 

Sap velocities (cm hr
-1

) were measured in 13 Oak, 14 Beech, six Spruce, and three 200 

Douglas fir trees during the 2019 and 2020 growing season. Technical details of sensor 201 

deployment and calculation of sap velocities of the trees monitored at Weierbach can be found in 202 

Schoppach et al. (2021) and Fabiani et al., (2022). Sap flux per tree per cross sectional area (Q, 203 

cm
3
 hr

-1
) was quantified by multiplying sap flow velocities by the sapwood area (cm

2
) of each 204 

tree equipped with a sap flow sensor. The daily sap flux was calculated per tree (m
3
 d

-1
) and 205 

averaged per species (𝑄). The transpiration estimates (𝐸𝑇) were calculated in mm d
-1

 based on 206 

Equation 1, where 𝛬𝑔.𝑠𝑝 is the basal area of the measured trees (m
2
), 𝛬𝐺.𝑠𝑝 is the total basal area 207 

(m
2
) of the species, 𝛬𝑟 is the reference surface area (i.e., whole catchment or individual forest 208 

stand), and 1000 is the conversion factor from m to mm. The diameter class distribution and 209 

basal area was assessed with two surveys carried out with temporal plots in both forest types, the 210 

needleleaf evergreen and broadleaf deciduous stands (see Table S1). 211 

  212 

𝐸𝑇 = ∑ 1000 ∙ (
𝑄

𝛬𝑔.𝑠𝑝
) ∙
𝛬𝐺.𝑠𝑝
𝛬𝑟

𝑛

𝑠𝑝=1

 Equation 1 
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2.3 Tree Water Deficit 213 

The tree water deficit (TWD) was calculated based on tree diameter increment 214 

measurements on individual trees, carried out using high-resolution band dendrometers (model: 215 

DBL60 ICT) between 2019 and 2022. A total of 22 sensors were installed across the Weierbach 216 

catchment in nine Beech trees, nine Oak trees, three Spruce trees, and one Douglas fir tree. We 217 

selected the most representative trees from large (50–75 cm) and small (25–50 cm) diameter 218 

classes for Beech and Oak. Spruce and Douglas fir stands are evenly aged because they are a 219 

forest plantation. For this reason, we equipped trees from one diameter class only, ranging from 220 

20 cm to 35 cm. The data was processed with the treenetproc R package (Haeni et al., 2020; 221 

Knüsel et al., 2021; Treenetproc, 2019/2023; Wickham et al., 2019), which allows the automated 222 

detection and removal of outliers. For each tree, we calculated the TWD, which is the difference 223 

between the theoretical radius at full hydration and the current radius (Zweifel et al., 2016). The 224 

tree water deficit of each forest type cover was determined using a weighted average of the 225 

species based on the area covered by each of them (see Table 2). 226 

2.4 Model Setup 227 

The Community Land Model version 5.0 (CLM5, Lawrence et al., (2019)) was 228 

implemented for the Weierbach catchment using a point-scale setup. Multi-year spin-up runs 229 

were performed until the soil moisture and temperature reached a dynamic equilibrium. Each 230 

spin-up covered a 11-year time window using the atmospheric forcing and land surface 231 

parameterization from 2011 to 2021. A production model run of the 11-year time window was 232 

carried-out after the spin-up period for each experiment; see section 2.5 and section 2.6 for 233 

additional details. 234 

2.4.1 Atmospheric Forcing 235 

Hourly atmospheric forcing was retrieved from the Roodt meteorological station (N: 49 236 

48’ 21.91”, E: 5 49’52.49”), which is located 3.5 km south-east of the catchment. This data set 237 

includes precipitation (P) in mm hr
-1

, wind speed (u) in m s
-1

, air temperature (T) in °C, relative 238 

humidity (RH) in %, and incoming shortwave radiation (RS) in W m
-2

. To fill occasional gaps in 239 

T and P, we used the Aarsdorf (N: 49 51’ 36.49”, E: 5 50’32.9”) and Useldange stations (N: 240 

49 46’ 2.74”, E: 5 58’2.17”). Gaps in atmospheric pressure (p) and downwelling longwave 241 

radiation (RL) were filled using the ERA5 reanalysis product (Muñoz Sabater, 2019, 2021), 242 

downloaded from the Copernicus Climate Change Service (C3S) Climate Data Store. The 243 

atmospheric CO2 concentration was kept constant at 411.6 ppm. This value is the average of 244 

daily measurements at Mauna Loa (NOAA-ESRL, 2022) between 2018 and 2022. 245 

2.4.2 Soil and Bedrock Parameterization 246 

The lower boundary condition describes the geopedological characteristics of the 247 

catchment, where soil texture and depth to bedrock are documented by Glaser et al. (2016). The 248 

clay content decreases with depth, from 45.2% (at 12 cm deep) to 22.27% below 32 cm deep. 249 

Meanwhile, the sand percentages increase considerably with depth, from 10% at the surface up 250 

to 31.41% below 32 cm (Table 1). The unsaturated zone at this site reaches down to 3.0 m where 251 

the soil Cv soil horizon is located. However, the default depth to bedrock used by CLM5 based 252 
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on Pelletier et al. (2016) is 95.4 cm at the Weierbach catchment making necessary to increase the 253 

unsaturated zone. Consequently, we modified the depth to bedrock by adding 150 cm and setting 254 

the clay and sand percentages of the newly added soil layers to 10.0% and 90.0%, respectively, 255 

following the approach proposed by Jiménez-Rodríguez et al. (2022a). 256 

Table 1. Vertical distribution of the soil texture characterization used as the lower boundary 257 

condition for the numerical experiments carried out at the Weierbach catchment. 258 

Depth 

[cm] 

Description Clay 

Fraction 

[%] 

Sand 

Fraction 

[%] 

Source 

0 – 12 Soil Horizon Ah 45.20 10.04 (Glaser et al., 2016) 

12 – 32 Soil Horizon Ah-B 37.70 16.04 (Glaser et al., 2016) 

32 – 92 Soil Horizon B1/B2 22.27 31.41 (Glaser et al., 2016) 

92 - 245 Weathered Bedrock 10.00 90.00 (Jiménez-Rodríguez et al. 2022a) 

2.4.3 Land Surface Parameterization 259 

The broadleaf deciduous (BDF) and needleleaf evergreen (NEF) forests were associated 260 

with the temperate plant functional type (PFT) broadleaf deciduous tree (BDT) and needleleaf 261 

evergreen tree (NET), respectively. The monthly leaf area index (LAI, m
2
m

-2
) of the BDT was 262 

determined based on MODIS (ORNL DAAC, 2018). The retrieved LAI is based on the mean 263 

value for the broadleaf deciduous classification of the 1.0 km area around the catchment 264 

boundaries, done using the MODISTools package (Hufkens, 2022; Tuck et al., 2014). The LAI 265 

of the BDT was set to 0 m
2
m

-2
 between November and March to represent the dormant season. 266 

Default LAI values of CLM5 were used for the NET forest stand because MODIS does not 267 

correctly depict the signal due to the small sizes of needleleaf evergreen patches. To assess the 268 

proportion of Beech and Oak canopy to the total LAI, we employed the allometric equations 269 

from Pretzsch (2019) along with the data from the forest survey carried out in 2022 (Fabiani et 270 

al., 2022).  We found that Oak and Beech contribute to 19.6% and 80.4%, respectively, of the 271 

total LAI of BDT (Text S1 and Figure S1). 272 

2.4.4 Plant Hydraulic Parameterization 273 

The plant hydraulic system (PHS) implemented in CLM5 aims to mimic the plant water 274 

transport in the model using Equation 2 to calculate the hydraulic conductance k (mmH2O mmH2O
-

275 
1
s

-1
) of each plant segment (i.e., roots, stem, and sunny and shaded leaves). Equation 2 represents 276 

the plant vulnerability curve (PVC) and uses the xylem pressure inducing 50% loss of hydraulic 277 

conductance (Ψp50, MPa), the non-dimensional sigmoidal shape parameter of the curve (ck), the 278 

water potential of the lower segment (Ψ), and the maximum plant hydraulic conductance (kmax, 279 

mmH2O mmH2O
-1

s
-1

). Each of the plant hydraulic parameters (i.e., Ψp50, ck, kmax) can be adjusted 280 

per plant segment and PFT and are considered static over time. In this study, we considered that 281 

the plant segments (i.e., roots, stems, leaves) within each PFT (and tree species classification) 282 

have the same plant hydraulic parameterization (i.e., kmax, Ψp50, and ck). 283 

 284 

𝑘 = 𝑘𝑚𝑎𝑥2
−(

𝛹
𝛹𝑝50

)
𝑐𝑘

 
Equation 2 
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CLM5 has a generic model parameterization (GMP) describing the main PFTs (Table 2). 285 

In this study, we created two additional parameterizations for the Weierbach forest stands. The 286 

PFT adjusted parameterization (PAP) describes the BDT and NET forest stands lumping the 287 

species present in each PFT fraction. The species-specific parameterization (SSP) characterizes 288 

the PHS of the individual tree species present in each forest fraction and do not lump the species 289 

per PFT. To determine the PHT parameters (i.e., Ψp50 and ck) of each additional parameterization 290 

(i.e., PAP and SSP), we sampled the Ψp12, Ψp50, and Ψp88 values from the Xylem Functional 291 

Traits (XFT) database (Choat et al., 2012) for each tree species investigated. To improve the 292 

representation of Beech we did an additional search for PHT data, which resulted in an improved 293 

data set with 23 records (see Table S2). We followed the procedure described by Jiménez-294 

Rodríguez et al. (2024) to determine the ck used in the plant vulnerability curve of CLM5 for the 295 

mean Ψp50 values of PAP and SSP (Table 1). Figures S2 and S3 show the differences in the 296 

PVCs of the different forest stand classification (i.e., BDT, NET, Oak, Beech, Spruce, Douglas 297 

fir) per parameterization (i.e., GMP, PAP, SSP). 298 

Table 2. Plant hydraulic traits used for each model parameterization and forest stand. The 299 

percentage of land cover is estimated with respect to the catchment area. The area percentage 300 

value between brackets in Oak and Beech expresses the proportion of the BDT area covered by 301 

each species. 302 

Parameterization Forest 

Stand 

Area 

[%] 

Ψp50 

[MPa] 
ck 

Generic Model Parameterization 

[GMP] 

BDT 77.6 -2.65 3.95 

NET 22.4 -5.20 3.95 

PFT-Adjusted Parameterization 

[PAP] 

BDT 77.6 -3.24 2.93 

NET 22.4 -3.28 5.82 

Species-Specific Parameterization 

[SSP] 

Oak 15.2 [19.6] -3.49 3.69 

Beech 62.4 [80.4] -3.15 3.12 

Spruce 10.2 -3.5 3.69 

Douglas fir 12.2 -3.25 3.12 

2.5 Numerical Experiments 303 

Several numerical experiments were carried out by implementing standalone and mixed 304 

forests under different PHT parameterizations (Figure 2). In these experiments, the standalone 305 

forest parameterization is represented by an individual forest stand composed of only one PFT or 306 

species that covers 100% of the area and does not compete for water resources with other PFTs 307 

or tree species. In the mixed patched configuration, the forest is characterized by two or more 308 

forest types sharing the same lower boundary conditions (i.e., soil water resources). The fully-309 

mixed configuration corresponds only to the broadleaf deciduous forest where Beech and Oak 310 

trees are randomly distributed. Different PHT parametrizations according to the forest stand 311 

classification (i.e., BDT, NET, Oak, Beech, Spruce, and Douglas fir) are used within each set of 312 

experiments. The basal area proportions of Oak and Beech were used to partition the observed 313 

leaf area index (LAI) at the site into species-specific LAI values in the model (see section 2.4.3). 314 

Experiment 1 evaluates the difference in the forest response between standalone forest 315 

patches using GMP, PAP, and SSP PHT parameterization. This set of numerical experiments 316 

assesses the impact of using a different level of detail in the PHT parameterization; from biome-317 
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generic PFT classification to species-specific hydraulic trait characterization. In this experiment 318 

the observed LAI of the site is assumed to represent only the proportion assigned to the one 319 

simulated PFT or species. Experiment 2 repeats the same assessment as Experiment 1, assuming 320 

a mixed patched forest where all patches share a common soil water store. In this second set of 321 

experiments the GMP and PAP parameterizations use the basal area proportion of NET and BDT 322 

in the catchment, which corresponds to 22.4% and 77.6%, respectively (Table 2). In the mixed 323 

patched forest configuration using the SSP parametrization, the area is subdivided according to 324 

the following percentages: Spruce (10.2%), Douglas fir (12.2%), Oak (15.2%), and Beech 325 

(62.4%). For Spruce and Douglas fir, these percentages were obtained from aerial photographs 326 

because these stands are established as mono-species plantations. The percentage of Oak and 327 

Beech was determined according to the proportion of the basal area contribution of each species 328 

(see Text S1), because these species grow in a mixed stand and their cover fractions cannot be 329 

easily distinguished in aerial photographs. Finally, Experiment 3 evaluates the effect of a fully-330 

mixed forest stand that is represented only by the BDT in the catchment. This experiment 331 

considers the GMP and PAP PHT parameterizations of the BDT and the SSP of Oak and Beech. 332 

This forest stand comprises Beech (80.4%) and Oak (19.6%) trees, allowing us to compare the 333 

representation of a fully-mixed condition. 334 

For each set of numerical experiments, we examined the impact of the different model 335 

parameterizations on the simulated transpiration and tree water stress as a consequence of plant 336 

hydraulic traits and competition for available water resources. This evaluation is carried out by 337 

separating normal and extremely hot years. We hypothesize that a higher level of PHTs 338 

refinement for the selected PFTs and tree species leads to a better agreement between simulated 339 

and measured signals of vegetation states (i.e., water stress) and fluxes (i.e., transpiration) than 340 

the generic PFT parameterization. 341 

 342 

Figure 2. Schema of the three sets of numerical experiments carried out at the Weierbach 343 

catchment. A solid line frame represents the total ground area and a shared water resource, while 344 
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the dotted line frames represent the reference ground area for a given forest stand. Columns 345 

represent different experiments, rows different PHT parameterizations. GMP: generic model 346 

parameterization; PAP: PFT-adjusted parameterization; SSP: species-specific parameterization; 347 

BDF: broadleaf deciduous forest; NEF: needle-leaf evergreen forest. The tree crown images were 348 

retrieved from pch.vector (2023).   349 

2.6 Data analysis 350 

The data analysis was carried out for the extended summer period (i.e., May to 351 

September) due to the deciduous nature of the larger proportion of forest in the catchment (i.e., 352 

BDT). The analyses involving the measured tree transpiration (ET-mea) are based on the years 353 

2019 and 2020, while the evaluation of tree water deficit (TWD) is based on the years 2020 and 354 

2021, because this is the only period in which all the species were simultaneously monitored. 355 

The classification of years into normal and hot is based on the total number of days classified as 356 

a heatwave for Luxembourg according to the European Drought Observatory (EDO, 2023). This 357 

classification uses the definition given by Lavaysse et al., (2018) who defined a heatwave as the 358 

period of at least three consecutive days with daily minimum and maximum air temperatures 359 

above the 90
th

 percentile of the baseline period. We used the same baseline period implemented 360 

by the EDO to determine the threshold between normal and hot years in Luxembourg (1980-361 

2010). This threshold corresponds to the average plus one standard deviation (5.8 + 3.3 days), 362 

leaving a value of 10 days per year. Consequently, the years 2019 and 2020 were classified as 363 

hot years and 2021 as a normal year. 364 

2.6.1 Principal Component Analysis 365 

A principal component analysis (PCA) was carried out to evaluate the dependency of ET-366 

mea and TWD on environmental factors. The environmental factors evaluated were air 367 

temperature (T), relative humidity (RH), incoming short-wave radiation (Rs), wind speed (u), and 368 

soil water content (θ). The meteorological variables used for the PCAs were extracted from the 369 

model atmospheric forcing (see section 2.4.1). The θ was measured at seven monitoring clusters 370 

established in the catchment (Hissler et al., 2021), obtaining the daily values by averaging soil 371 

moisture across depths (10 cm, 20 cm, 40 cm, and 60 cm) and monitoring clusters (see Figure 372 

S4). 373 

2.6.2 Index of Agreement 374 

Measured (ET-mea) and modeled (ET- mod) transpiration estimates were aggregated at the 375 

daily scale because sap flow does not translate directly to transpiration rates due to tree 376 

capacitance. These estimates were compared against each other using the index of agreement 377 

(Ioa) proposed by Duveiller et al., (2016). The Ioa (Equation 3) is the product of an α coefficient 378 

and the Pearson correlation coefficient (r). The α coefficient quantifies the bias existing between 379 

measured and modeled daily transpiration rates, where a value of 1.0 represents a perfect 380 

agreement between both data sets and a 0 value means no agreement between them. This 381 

coefficient is determined using the standard deviation of measured and modeled transpiration (σX 382 

and σY, respectively) and their mean values (𝑋 and 𝑌). For the mixed forest conditions (i.e., 383 

Experiments 2 and 3) we discretize the Ioa between the different forest fractions (Ioa-F) to be 384 

compared with the Ioa at grid cell level (Ioa-G). 385 

 386 
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𝐼𝑜𝑎 = 𝛼𝑟 where 𝛼 = 𝑓(𝑥) =

{
 
 

 
 

0, if 𝑟 ≤ 0

2

𝜎X
𝜎Y
+
𝜎Y
𝜎X
+
(𝑋 − 𝑌)

2

𝜎X𝜎Y

, otherwise Equation 3 

2.6.3 Plant Water Stress Analysis 387 

The model results include the estimations of water potential in roots (Ψroot), stem (Ψstem) 388 

and leaf (Ψleaf). However, we selected only Ψroot and Ψleaf  to compare with the TWD considering 389 

the lack of differences between Ψstem and Ψleaf  in the model results and the vulnerability 390 

segmentation hypothesis (Tyree & Ewers, 1991) which states that the distal portions of the plant 391 

(i.e., roots and leaf) are the most vulnerable sections of the plant. The tree water deficit (TWD) 392 

was correlated with the selected water potentials (i.e., (Ψroot and Ψleaf) during the hot year and the 393 

normal year (i.e., 2020 and 2021, respectively). The Ψroot corresponds to the integral of water 394 

potentials of all root segments along the soil profile. The Ψleaf is the weighted average of shaded 395 

and sunlit leaves according to their LAI values. The simulated matric potential data (i.e., Ψroot 396 

and Ψleaf) and canopy stress factor (β) were averaged only for daytime conditions (i.e., from 397 

06:00 to 18:00). The model uses Equation 4 to estimate the leaf water stress factor (βx) as the 398 

ratio of the actual stomatal conductance (gx.s) over the unstressed stomatal conductance (gx.max) 399 

of each component of the canopy (i.e., sunlit and shaded leaf). Then, Equation 5 determines β as 400 

the weighted average of the canopy component and its corresponding LAI. The β ranges from 0 401 

when the canopy is fully stressed to 1 when the canopy is unstressed. More details on the 402 

mathematical formulation of β in CLM5 are provided by Kennedy et al. (2019).  403 

 404 

𝛽𝑥 =
𝑔𝑥.𝑠
𝑔𝑥.𝑚𝑎𝑥

 Equation 4 

 405 

𝛽 =
𝛽𝑠𝑢𝑛𝑙𝑖𝑡 ∙ 𝐿𝐴𝐼𝑠𝑢𝑛𝑙𝑖𝑡 + 𝛽𝑠ℎ𝑎𝑑𝑒𝑑 ∙ 𝐿𝐴𝐼𝑠ℎ𝑎𝑑𝑒𝑑

𝐿𝐴𝐼𝑠𝑢𝑛𝑙𝑖𝑡 + 𝐿𝐴𝐼𝑠ℎ𝑎𝑑𝑒𝑑
 Equation 5 

2.6.4 Identification of stress periods based on the plant hydraulic system 406 

We performed an additional assessment to test the feasibility of using the plant hydraulic 407 

system (PHS) of CLM5 to detect the historical stress periods linked to hot years according to the 408 

EDO classification at Weierbach. Here we referred to the mixed patched forest configuration 409 

used in Experiment 2 and adopted the plant specific hydraulic parameterization (see Section 2.5). 410 

We used the simulations of the 11-year time window (2011-2021), which contains four years 411 

classified as hot (i.e., 2015, 2018, 2019, and 2020) and the remaining seven years as normal 412 

years (see Section 2.6). Different physiological metrics extracted from the PHS of CLM5 namely 413 

β, Ψroot and Ψleaf, were assessed as suitable indicators for detecting stressed forest ecosystems.  414 
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3 Results 415 

3.1 Forest response to environmental conditions 416 

In the Weierbach catchment, two key tree physiological variables, forest transpiration 417 

(ET) and tree water deficit (TWD), were measured. Figure 3.A and Figure 3.B illustrate their 418 

primary differences on an annual basis, facilitating a comparison of transpiration responses and 419 

tree water status at different levels such as catchment, plant functional type (i.e., NET, BDT), 420 

and species (i.e., Spruce, Douglas fir, Oak, Beech). Figure 3.C and Figure 3.D present the 421 

outcomes of the principal component analysis (PCA), a crucial tool for identifying the main 422 

environmental variables influencing the variations in both ET and TWD. The PCA analysis is 423 

pivotal in determining the most suitable indicators of tree physiological stress effects, which can 424 

then be utilized in the analysis of results obtained from numerical experiments.  425 

The ET estimates of all the forest stands were scaled up to the catchment area, revealing 426 

significant differences in contribution among various forest stands, such as Beech versus Oak, 427 

with minor interannual changes (Figure 3.A). The interquantile range of catchment-scale ET (i.e., 428 

Wei. in Figure 3A) ranges between 0.5 mm d
-1 

and 3.0 mm d
-1

 for 2019 and 1.0 mm d
-1 

and 4.0 429 

mm d
-1

 for 2020, reaching a maximum of 5.8 mm d
-1

 on certain days in June 2020 (see Figure 430 

S5). Segregation of ET per plant functional type (PFT) indicates that broadleaf deciduous trees 431 

(DBT) contribute more significantly than needleleaf evergreen trees (NET). Among individual 432 

species, Beech stands out as the largest contributor to catchment ET, reaching up to 3.0 mm d
-1

, 433 

with peak rates during 2020. Oak transpiration is at most 1.0 mm d
-1

, with its highest ET 434 

occurring in 2019 (see Figure S5). In contrast, needleleaf trees (Douglas Fir and Spruce) exhibit 435 

similar transpiration rates between the two years, not exceeding 0.5 mm d
-1

 due to the smaller 436 

area they occupy in the catchment.  437 

The PCA highlights that ET of all forest stands is primarily influenced by solar radiation 438 

(Rs) and relative humidity (RH) (Figure 3.C). Rs lies parallel to the first dimension of the PCA, 439 

which explains more than 70% of the variability of the ET and environmental variables (Figure 440 

3.C). Rs has correlation coefficients larger than 0.8 with the ET from all the forest stands (see 441 

Figure S6). Conversely, the RH is negatively correlated with ET, showing values below -0.65. It 442 

is noteworthy that θ has on ET for all the forest stands, with negative correlation coefficients 443 

close to -0.3, which are not statistically significant (p > 0.05). This indicates that the ET response 444 

at the selected site, for all tree stands, is primarily an atmospheric-driven process.  445 

In the hot year (2020), all species and PFTs experienced higher TWD compared to the 446 

normal year (2021) (Figure 3B). Notably, the distribution of TWD does not overlap between the 447 

two years for all forest stands, with only some outliers in the normal year reaching the median 448 

value of the hot year. At the PFT level, the bimodal distribution of TWD in Douglas fir during 449 

the hot year (2020) indicates a significant shrinkage of the monitored tree during the summer, 450 

followed by a sudden swelling process in autumn. Oak, Beech, and Douglas fir show a distinct 451 

breaking point where the TWD measurements do not overlap between years (except for outliers), 452 

with values of approximately 300 µm for Beech, 400 µm for Oak, and 100 µm for Douglas fir. In 453 

contrast, Spruce does not exhibit such a breaking point. The BDT displays the most significant 454 

differences between years, with the TWD values in the hot year being twice as high as those 455 

recorded during the normal year. At the species level, Oak and Beech trees show the most 456 

substantial differences, influencing the response of the entire BDT forest stand (Figure 3B). 457 

Among needleleaf trees, Douglas displays the largest variability in TWD between years, while 458 
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the differences for Spruce are less pronounced. The PCA of TWD indicates that variations are 459 

primarily explained and negatively correlated with θ (Figure 3D). Other environmental variables 460 

have a lower influence on the TWD response of the different forest stands (see Figure S7). The 461 

proximity of all forest stands in the PCA highlights a consistent pattern where TWD is dependent 462 

on changes in θ, making this measurement a robust indicator of the soil water stress experienced 463 

by forest ecosystems. However, it is less indicative of atmospheric water stress, as variables like 464 

Rs, u (wind speed), and T (air temperature) are orthogonal to the TWD of different species.    465 

 466 
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Figure 3. Summary of the observed forest response to environmental drivers. The upper plots 467 

(i.e., A and B) represent the interannual variability of transpiration (ET) and tree water deficit 468 

(TWD), respectively. The lower plots (i.e., C and D) are the correlation circles of the principal 469 

component analysis (PCA). Each PCA shows the two main dimensions of the analysis that 470 

explain at least the 50% of all the data variability. The arrows labelled with species or PFT names 471 

represent either ET (Panel C) or TWD (Panel D) for each species or PFT.  472 

3.2 Standalone Forest Experiment 473 

When examining each forest stand as an independent entity (Experiment 1), the ET shows 474 

larger values across PHT parameterizations (i.e., GMP, PAP, SSP) when the canopy stress factor 475 

(β) ranges between 0.6 and 0.8. The results highlight the absence of periods with a stressed 476 

canopy (β<0.5). Among the needleleaf forest stands, NET-GMP exhibits the lowest index of 477 

agreement (Ioa) between simulated ET and observed sap flux (Ioa: 0.48), indicating a consistent 478 

overestimation of ET throughout the growing season (see Figure S8). The performance of the 479 

NET standalone parameterization significantly improves when using the PAP parameterization, 480 

with Ioa increasing to 0.75. This improvement reduces the ET bias throughout 2019, yet the 481 

overestimation persists during the second half of the growing season of 2020 (see Figure S8). 482 

Conversely, employing a SSP PHT parameterization for needleleaf species leads to a marginal 483 

and minor improvement on the Ioa compared to the GMP parameterization for Douglas fir (Ioa: 484 

0.563) and Spruce (Ioa: 0.692), respectively. The PHT parameterization of Douglas fir maintains 485 

a low bias in 2019 but struggles to reproduce ET in 2020, resulting in a large bias (see Figure S8). 486 

Transitioning from GMP to PAP in the BDT PHT parameterization has a negligible effect on Ioa, 487 

increasing from 0.757 (GMP) to 0.774 (PAP). However, both GMP and PAP parameterizations 488 

systematically underestimate ET for both years (2019 and 2020). With the implementation of the 489 

SSP parameterization, the performance of the individual BDT forest stands deteriorates in both 490 

years (see Figure S8) compared to the GMP and PAP parameterizations. The SSP for Oak mostly 491 

underestimates ET, with a mean absolute error of 0.9 mm d
-1

, while SSP-Beech underestimates 492 

ET with a mean absolute error of up to 1.8 mm d
-1

, resulting in low Ioa values of 0.58 and 0.55, 493 

respectively (see Figure S8). 494 

 495 
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 496 

Figure 4. Modeled (ET-mod) and measured transpiration rates (ET-mea) of the standalone forest 497 

stands using the generic model parameterization (GMP), the PFT-adjusted parameterization 498 

(PAP), and the species-specific parameterization (SSP). The canopy stress factor (β) is used to 499 

visually characterize stress at the leaf level. 500 

The simulated Ψroot values for all PHT parametrizations of NET remain unchanged 501 

between the hot year (2020) and the normal year (2021). These Ψroot values exhibit a negative 502 

correlation with TWD, indicating that more negative Ψroot values are associated with higher 503 

TWD (Figure 5). This negative correlation is statistically significant only for the GMP 504 

parameterization. It is worth mentioning that the lower Ψroot values produced by the GMP 505 

parameterization result from the associated Ψp50 parameter that is almost 2.0 MPa lower than that 506 

of the PAP and SSP parameterizations (Table 2). It's important to highlight a notable difference 507 

in the relationship between the simulated Ψroot and measured TWD between the hot and normal 508 

years for BDT species. In 2020, all three parameterizations (GMP, PAP, SSP) show a significant 509 

negative correlation between TWD and Ψroot, with a p-value less than 0.001. However, in 2021, 510 

they are uncorrelated.  Finally, it is interesting to highlight the different ranges of water potential 511 

values simulated for the roots of NET and BDT trees, driven by the different Ψp50 values as 512 

defined by the PHT parameterization (Table 2). 513 

 514 
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 515 

Figure 5. Correlation between simulated root water potentials (Ψroot) and measured tree water 516 

deficit (TWD) of the standalone forest stands (Experiment 1) using the generic model 517 

parameterization (GMP), PFT adjusted parameterization (PAP), and Species-Specific 518 

Parameterization (SSP). The canopy stress factor (β) is used to visually characterize the stress at 519 

leaf level. The p-values (p) of the Pearson correlation coefficient (r) are not significant when 520 

marked with n.s. 521 

3.3 Mixed Patched Forest experiment 522 

The three PHT parameterizations exhibit minimal differences in ET magnitude and 523 

canopy stress (β). These minor differences are reflected in the values of the index of agreement 524 

(Ioa), ranging from 0.798 (SSP PHT) to 0.824 (GMP PHT). Despite these nuances, the 525 

relationship between Ψroot and TWD is not significant in 2021 for all model parameterizations 526 

(i.e., GMP, PAP, and SSP). However, a significant (p < 0.001) and negative correlation is 527 

observed for 2020 (Figure 6). It's noteworthy to highlight the remarkably similar range of 528 

Ψroot values (0 - 1.5 MPa) simulated by the model despite the distinct Ψp50 values used by NET 529 

(i.e., -5.2 MPa) and BDT (i.e., -2.65 MPa) in the GMP parameterization. This suggests that BDT 530 

forest types play a crucial role as the main driver of the ecosystem status at the grid cell level.  531 

 532 
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 533 

Figure 6. modeled (ET-mod) and measured (ET-mea) transpiration and the correlation between root 534 

matric potentials (Ψroot) and tree water deficit (TWD) of a mixed patched forest (Experiment 2) 535 

using the generic model parameterization (GMP), the PFT adjusted parameterization (PAP), and 536 

the Species-Specific Parameterization (SSP). The canopy stress factor (β) is used to visually 537 

characterize the stress at the leaf level of each parameterization. The p-values of the Pearson 538 

correlation coefficient (r) are not significant when marked with n.s. 539 

The performance of the simulated ET of the individual fractions of the mixed-patched 540 

forest under all three parameterizations (i.e., GMP, PAP, SSP) is illustrated in Figure 7. It is 541 

crucial to emphasize that differences in ET between the fractions arise from their 542 

proportional contribution to the overall forest composition. Additionally, the sum of the 543 

individual contributions always equals the grid cell values (grey background dots in each 544 

subplot). The simulated ET values are associated, even in this experiment, with mild canopy 545 

stress conditions, reflected by β values ranging between 0.7 and 0.8. 546 

For the NET forest fraction, both GMP and PAP parameterizations tend to overestimate 547 

ET. However, the level of agreement (i.e., Ioa) between modelled and measured transpiration 548 

values improved significantly (from 0.517 to 0.763) when the PHT parameterization at the PFT 549 

level is refined. In contrast, the modeled ET for the BDT fraction underestimates the actual ET, 550 

with negligible differences between the GMP and PAP parameterization. However, when the 551 
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SSP parameterization is applied in the mixed-patched forest configuration, the results for NET 552 

and BDT species are remarkably different. NET species reach an Ioa of 0.723 and 0.616 for 553 

Douglas fir and Spruce, respectively, while BDT species have values of 0.656 and 0.672 for Oak 554 

and Beech, respectively. The low performance of BDT species is due to an overestimation of 555 

~50% for Oak and an underestimation of one-third for Beech compared to measured ET. 556 

Refining the PHT parameterization does not substantially affect the performance of the model 557 

when analyzing its integrated response at the grid cell level (Ioa-G values range between 0.79 and 558 

0.82). However, it has significant implications in the analysis of the transpiration response of 559 

individual fractions. The use of a refined PHT plays an important role in improving the simulated 560 

model response for those needleleaf evergreen species growing as isolated patches within the 561 

catchment. Conversely, the improved PHT parameterization does not enhance the simulation of 562 

the transpiration response for those broadleaf species growing in fully-mixed forest stands. 563 

Interestingly, there is an increment in Ioa when moving from standalone conditions (Experiment 564 

1) to mixed patched forest conditions (Experiment 2) for all species. The improvement in Ioa for 565 

Douglas fir (from 0.692 to 0.723) is slightly lower compared to that of Spruce (from 0.563 to 566 

0.616), Oak (from 0.58 to 0.66), and Beech (from 0.55 to 0.67). 567 

 568 

 569 
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Figure 7. Simulated (ET-mod) and measured (ET-mea) transpiration rates of the individual fractions 570 

of a mixed patched forest (Experiment 2) using the generic model parameterization (GMP), the 571 

PFT-adjusted parameterization (PAP), and Species-Specific Parameterization (SSP). The canopy 572 

stress factor (β) is used to visually characterize the stress at the leaf level of each 573 

parameterization. The grey dots represent the ET-mod of the grid cell for each PHT 574 

parameterization according to the results in Figure 6. Each plot has two indices of agreement 575 

representing the grid cell (Ioa-G) and the individual fractions within the grid cell (Ioa-F).  576 

Figure 8 illustrates the relationship between the Ψroot and TWD for the mixed patched 577 

forest condition (Experiment 2). In this model configuraiton, there is a significant negative 578 

correlation (p<0.001) between these two variables for both BDT and NET PFTs during the hot 579 

year (i.e., 2020). This significant relationship persists across PHT parameterizations for both 580 

PFTs. A clearer signal is obtained when using the SSP parameters for both Oak and Beech in the 581 

case of BDT and for Spruce in the case of NET. Note that this significant relationship did not 582 

emerge for NET in Experiment 1 when this ecosystem was simulated as a standalone forest 583 

stand. Similarly, the relationship between Ψroot and TWD for BDT differs between Experiment 1 584 

and Experiment 2. In mixed-patched conditions, trees share the same soil water resources, the 585 

signal emerging for Oak species is highly influenced by Beech species due to their larger water 586 

use that drives the soil water changes in the catchment. Lastly, it is interesting to highlight that 587 

Ψroot remained close to zero in the wetter year (i.e., 2021) and when TWD is less than 300-400 588 

µm during the hot year (i.e., 2020). However, when TWD exceeds 300-400 µm in the hot year, 589 

there is a significant negative correlation between Ψroot and observed TWD.  590 

 591 

 592 
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Figure 8. Correlation between the root matric potentials (Ψroot) and tree water deficit (TWD) of 593 

the mixed patched forest (Experiment 2) using the generic model parameterization (GMP), PFT 594 

adjusted parameterization (PAP), and Species-Specific Parameterization (SSP). The canopy 595 

stress factor (β) is used to visually characterize stress at the leaf level. The p-values of the 596 

Pearson correlation coefficient (r) are not significant when marked with n.s. 597 

3.4 Fully-mixed Forest Experiment 598 

Figure 9 compares the results of Experiment 3, where fully-mixed conditions are 599 

represented only by the BDT PFT at the Weierbach catchment. The Ioa values of the three PHT 600 

parameterizations (i.e., GMP, PAP, SSP) do not differ substantially at the grid cell level, with a 601 

minor increase from 0.757 to 0.778 when moving from GMP to SSP (see Figure S2 and Table 602 

2). The SSP parameterization enhances modeled ET for individual species when compared with 603 

the standalone condition of Experiment 1. The Ioa increases for both Oak (from 0.582 to 0.674) 604 

and Beech (from 0.555 to 0.664). The shared resources at the grid cell (i.e., the soil 605 

compartment) and a similar PHT influence the strong similarities in Ψroot among 606 

parameterizations, where the GMP shows a slight difference with PAP and SSP at the grid cell 607 

level. The differentiation between the hot year (2020) and normal year (2021) year follows the 608 

same trend as in Experiment 1 for GMP-BDT, PAP-BDT, and SSP-Beech. However, when Oak 609 

shares the soil water resources with Beech (i.e., Experiments 2 and 3), the Oak fraction depicts 610 

more negative Ψroot than in Experiment 1. 611 

 612 

 613 

Figure 9. Modeled (ET-mod) and measured (ET-mea) transpiration and the correlation between the 614 

root matric potentials (Ψroot) and tree water deficit (TWD) of a fully-mixed forest (Experiment 3) 615 
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using the generic model parameterization (GMP), the PFT-adjusted parameterization (PAP), and 616 

the Species-Specific Parameterization (SSP). The canopy stress factor (β) is used to visually 617 

characterize stress at the leaf level of each parameterization. The p-values of the Pearson 618 

correlation coefficient (r) are not significant when marked with n.s. 619 

3.5 Identifying the stress periods at Weierbach 620 

In the 11-years of simulations, the mean daily air temperatures of the four hot years (i.e., 621 

2015, 2018, 2019, 2020) exceeded 27 °C for prolonged periods in spring and summer, with big 622 

differences in frequency and timing among the years (see Figure S12). The response of the 623 

canopy stress factor (β) and leaf water potential (Ψleaf) to high air temperatures is similar between 624 

normal and hot years, hampering a characterization of the stress periods based on these metrics. 625 

Conversely, the root water potential (Ψroot) provides a good differentiation between hot and 626 

normal years for broadleaf (i.e., BDT, Oak, Beech) forest fractions, but not for the needleleaf 627 

(i.e., NET, Douglas fir, Spruce) forest fractions (Figure 10). This contrast showed by broadleaf 628 

and needleleaf forest fractions for the Ψroot is diluted at grid cell level, where the differentiation 629 

between normal and hot years shows a mixed response from both land covers (see Figure S14). 630 

By selecting the minimum Ψroot value (1
st
 quantile) of normal years as an assumed limit for stress 631 

conditions (dotted blue line in Figures 10 and S14), it is possible to identify the periods were the 632 

vegetation experiences more stress in broadleaf forest and at grid cell level but not for the 633 

needleleaf forest.  634 

 635 

 636 

Figure 10. Multiannual variability of the root (Ψroot) water potentials per forest fraction simulated 637 

for the period between 2011 and 2021 at the Weierbach catchment. The distinction between 638 

normal and hot years is made according to the European Drought Observatory (EDO, 2023) 639 

classification and based on the meteorological observations in Luxembourg. Each line 640 
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corresponds to an individual year modeled between 2011 and 2021, differentiated between 641 

normal (blue lines) and hot (red lines) years. 642 

4 Discussion 643 

4.1 Importance of a refined plant hydraulic representation of mixed forests 644 

The data from experimental forest stands are crucial in benchmarking  physiological 645 

processes in vegetation (e.g., Chaney et al., 2016; Sabot et al., 2020). Most datasets describing 646 

PHTs are based on forest stands of different ages, management practices, and plant organs (e.g., 647 

Choat et al., 2012), so caution is advised when using them widely to describe vegetation (Chu et 648 

al., 2021). The characterization of PHTs per individual PFT lumps species together by 649 

considering only the latitude and plant physiognomy (e.g., Lin et al., 2015), neglecting regional 650 

and current distribution of tree species. Physiological characterization is fundamental to 651 

reproducing vegetation water use strategies in CLM5 (Vidale et al., 2021). Li et al. (2021) 652 

stressed the importance of implementing a better hydraulic trait-based representation to improve 653 

the flux simulations in land surface models (LSMs) during drought events. This is crucial 654 

because CLM5’s generic parameterization is highly sensitive to dry conditions, affecting gross 655 

primary productivity (GPP) and ET fluxes (e.g., Jiménez-Rodríguez et al., 2022; Wu et al., 2020).  656 

While some assume that CLM5's PHT parameterization represents ecosystems correctly 657 

(e.g., Raczka et al., 2021; Wu et al., 2020), present study shows differences in PHT leading to an 658 

overestimation of ET in the GMP compared to PAP or the SSP. Some have improved the PHT 659 

parameterization of CLM5, enhancing the representation of the tree species in several forest 660 

stands dominated by a single tree species (e.g., Ali et al., 2022; Jiménez-Rodríguez et al., 2024). 661 

In the present study, refining PHT parameterization for the individual needleleaf species (i.e., 662 

SSP-Spruce, SSP-Douglas fir) drastically improved modeled ET. However, uncertainties in PHT 663 

for individual tree species complicate parameter selection, even at the species level (e.g., Lobo et 664 

al., 2018; Rosner et al., 2019). Refinement efforts for two broadleaf species (Oak and Beech) did 665 

not improve simulated ET when considered as standalone forest patches, possibly due to different 666 

age structures and age-dependent PHT parameters (Lutz et al., 2013; Zeller & Pretzsch, 2019). 667 

Hence, by including the SSP we largely improved the ET simulations of individual forest stands 668 

despite the small differences at grid cell level. This condition enforces the need for an individual 669 

evaluation of model performances for each forest fraction (Figure 7), rather than relying solely 670 

on aggregated values at the grid cell level (Figures 6).  671 

To date, few studies have investigated the effect of refining the PHTs in CLM5 for fully-672 

mixed forests. For example, Birch et al. (2021) and Kennedy et al. (2019), addressed the PHT 673 

characterization from a lumped perspective focusing on the overall fluxes (e.g., eddy-covariance 674 

data) and not on the individual performance at the species level. In the current study, LAI was 675 

segregated between Oak and Beech in a fully-mixed stand, and simulated ET for both species 676 

was compared to sap flow data separated by species. Surprisingly, no improvement in ET 677 

simulations resulted from species-specific PHT parameterization. This suggests potential 678 

deficiencies in other aspects of the model, such as the representation of water use strategies 679 

(Jiménez-Rodríguez et al., 2024), or competition for light and water resources between the 680 

species. 681 

 682 
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4.2 The stressed vegetation and the hidden roots 683 

Extreme temperatures and drier soil conditions are the main factors causing a decline in 684 

gross primary productivity in forest ecosystems (J. Li et al., 2023). These conditions bring about 685 

significant changes in water potentials within the plant, helping identify periods of high stress 686 

when vegetation could suffer irreversible damage. Predawn water potentials (Ψpredawn) have been 687 

used in the past to assess stress in forest ecosystems (e.g., Lavoir et al., 2009; Peiffer et al., 688 

2014), even though continuous monitoring of Ψpredawn is challenging. Although there are no 689 

direct measurements of plant water potentials in the Weierbach catchment, insights into tree 690 

water status can be deduced from TWD, strongly linked to midday canopy water potentials 691 

(Steppe, 2018). Our PCA analysis shows that TWD measurements at Weierbach heavily depend 692 

on soil water content (θ), while remaining unaffected by atmospheric drivers (Figure 3D). Tree 693 

water storage has been identified as an effective mechanism that prevents trees from dehydrating 694 

when the air around them becomes dry (Preisler et al., 2022). The capacity of trees to store water 695 

depends on θ and their sapwood area (Hartzell et al., 2017). This helps them avoid stress caused 696 

by water shortage if the water supply is enough to meet atmospheric dryness. Trees in Weierbach 697 

have a considerably large sapwood area (see Table S3), which helps them buffer against 698 

atmospheric drought through their water storage capacity. This also strengthens the relationship 699 

between changes in θ and stem diameter (i.e., TWD).  700 

The simulated root water potentials (Ψroot) for all mixed forest configurations at the grid 701 

cell level and for all broadleaf parameterizations (i.e. BDT, SSP-Oak and SSP-Beech) show a 702 

strong negative correlation with observed TWD in the hot year, which is not observed in the 703 

normal year (Figures 5, 6, 8 and 9). In contrast, simulated leaf water potentials (Ψleaf) and Ψroot 704 

for needleleaf species in the standalone simulations (Figure 5) are very noisy and do not show a 705 

clear difference between the years.  However, when the needleleaf fractions are in a mixed forest 706 

configuration, their Ψroot values do show a significant negative correlation with TWD (Figure 8), 707 

likely because of the strong influence of the co-occurring broadleaf species on the soil water 708 

resources. Considering that the measured TWD does reach higher values in the hot year 709 

compared to the normal year for all species and the expected link between TWD and canopy 710 

water potentials (Steppe, 2018), a stronger correlation between simulated water potentials and 711 

TWD could suggest a more realistic model simulation. Since the needleleaf species cover a 712 

separate part of the catchment in the Weierbach, it was not expected that they really do compete 713 

for water with the broadleaf species. However, the standalone model configuration resulted in 714 

worse reproduction of observed sap flux for the needleleaf trees (Figure 4 vs. Figure 7) and a 715 

lower correlation between TWD and Ψroot than the mixed patched forest configuration (Figure 5 716 

vs. Figure 8), suggesting that the latter configuration produced more realistic results.  717 

When modeling mixed forest ecosystems, CLM5 uses a single lower boundary condition 718 

shared by multiple PFTs in each grid cell (Lawrence et al., 2019). This forces all PFTs to share 719 

the same soil moisture pool, meaning that the dominant PFT drives the transpiration response 720 

and water potentials of the other PFTs in a mixed forest configuration. The plant water uptake 721 

module allows the vegetation to use deeper water sources when the upper layers are too dry to 722 

supply the canopy water demand (Kennedy et al., 2019; Lawrence et al., 2019). This 723 

characteristic enables representation of the adaptability of adult Beech trees (Brinkmann et al., 724 

2019) and deep water use by Oaks (Aranda et al., 2005; Bréda et al., 1993). However, it also 725 

allows species that usually rely on shallower soil water to use deeper resources, forcing an 726 

unrealistic response, as in the case of Spruce and Douglas Fir in Weierbach, where the vegetation 727 
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appears to be unaffected by water stress in the model. Therefore, when multiple PFTs share the 728 

same grid cell in CLM5, the dominant cover in the landscape will mask or dilute important 729 

aspects related to the water use of the other PFTs. This is the case in the Weierbach catchment, 730 

where BDT (for GMC and PAC) and Beech (for SSP) are the dominant forest fractions driving 731 

the ET and hydraulic stress at the grid-cell level. The simplicity of the exponential root density 732 

profile used in most LSMs (e.g., JULES, CLM, ORCHIDEE) (Druel et al., 2017; Harper et al., 733 

2021; Lawrence et al., 2019) does not represent recent evidence of rooting strategies where the 734 

fractional root allocation depends on the accessibility (e.g., depth) of the groundwater and 735 

capillary fringe by the vegetation (Perona et al., 2022; Wang et al., 2018) . Further, the 736 

exponential root profile used in LSMs  overlooks the fact that vertical root distributions can be 737 

quite variable and dynamically follow changes in water availability (Fukuzawa et al., 2007; 738 

López et al., 2001; Zwetsloot & Bauerle, 2021).  739 

4.3 The challenge of representing mixed forest ecosystems 740 

The representation of PFTs in mixed forests is critical  in LSMs because it may introduce 741 

significant uncertainties concerning carbon, energy, and water fluxes (Hartley et al., 2017). In 742 

CLM5, applying it to complex ecosystems can lead to biases in flux and water stress estimation 743 

(e.g., Song et al., 2020). Challenges arise in representing mixed patches and fully-mixed forests, 744 

depending on the spatial distribution and contribution of different tree species. In this context, 745 

patched mixed forests composed of well-spaced fractions that do not strongly interact 746 

hydrologically can easily be represented by separate grid cells due to their physiognomic 747 

differences (e.g., needleleaf versus broadleaf). In fully-mixed forest ecosystems (Experiment 3), 748 

where different tree species coexist and share soil resources, the random spatial distribution 749 

challenges accurate representation of individual species in the model, impacting the precise 750 

calculation of transpiration fluxes (e.g., ET). This might explain why a more detailed 751 

characterization of PHT per species did not enhance ET estimates (see Section 3.4). In the 752 

Weierbach catchment, the heterogeneous distribution of Beech and Oak trees leads to varied LAI 753 

per species across the landscape, influencing how the ecosystem responds to water-limited 754 

conditions (Forrester et al., 2022). The interactions among tree species and environmental drivers 755 

may induce the trees to express different PHT within the range of each species (Drew et al., 756 

2011; Lobo et al., 2018). For example, it has been found that some vulnerable tree species are 757 

more resilient to drought conditions growing in a mixed forest stand than as a mono-specific 758 

stands (Schäfer et al., 2019).  759 

4.4 Challenges and opportunities in identifying vegetation stress in land surface models 760 

In previous CLM versions, vegetation stress metrics were tied to a soil stress factor (βsoil), 761 

connecting the soil compartment directly to the photosynthetic apparatus (Shrestha et al., 2018). 762 

CLM5 replaced this with the plant hydraulic system (PHS), using the plant vulnerability curve 763 

(PVC) for water transport and a canopy stress factor (β) for leaf-level gas exchange (Kennedy et 764 

al., 2019; Lawrence et al., 2019). However, using β alone as an indicator of tree stress in the 765 

Weierbach catchment is misleading (see Figure S13), as it does not capture the hydraulic stress 766 

conditions experienced by the species during the study period. To accurately identify stress 767 

periods in CLM5, it is necessary to go beyond β and consider other metrics. The static 768 

parameterization of PHTs in CLM5 ignores the temporal changes in plant physiology (Wieder et 769 

al., 2019), allowing the vegetation to fully recover after a stress period without accounting for its 770 
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duration. This contrasts with evidence suggesting slow recovery after extreme hydraulic stress in 771 

vegetation responses (Brodersen et al., 2019; Klein et al., 2018; Meinzer & McCulloh, 2013). 772 

Using tree water deficit (TWD) as a proxy for canopy water potentials (Dietrich et al., 773 

2018; Schäfer et al., 2019) suggests the possibility of using this variable as an indicator of stress. 774 

In the Weierbach catchment, TWD clearly indicates the periods when most tree species (i.e., 775 

Oak, Beech, and Dougas fir) are affected by hydraulic stress due to stem shrinkage. This stress is 776 

reflected in the model by the root water potential (Ψroot) at the grid cell level, particularly for 777 

broadleaf covers, where Ψroot is directly linked to soil water potential (Ψsoil), driving the root 778 

system's response. The Weierbach catchment has experienced three consecutive hot years from 779 

2018 to 2020 with limited water input. These frequent extreme weather events are likely to affect 780 

the vegetation's response to hydraulic stress, resulting in legacy effects. However, it's difficult to 781 

differentiate between normal and hot years using Ψleaf and β when compared to TWD. This could 782 

be due to the model's PHS not accounting for tree capacitance, leading to an unintended lack of 783 

legacy effects. The PHS includes the changes in θ as the drivers of legacy effects, which better 784 

represents the hydraulic stress response shown by TWD in Weierbach since the root system 785 

depends on Ψsoil.  786 

5 Conclusions 787 

The forest's response to extreme weather events such as heatwaves is highly dependent 788 

on forest structure and species composition, where mixed forests are presumed to be more 789 

resilient to droughts. However, the representation of mixed forests using the plant functional type 790 

(PFT) classification system can misrepresent the stress response of such complex ecosystems. 791 

This work addressed these relevant scientific issues by implementing the Community Land 792 

Model version 5.0, at the experimental Weierbach catchment in Luxembourg. Several numerical 793 

experiments were carried out, assuming three forest conditions (i.e., standalone, mixed-patched, 794 

and fully-mixed forests). For each set of experiments, different plant hydraulic parameterizations 795 

were used to characterize the PHS of the model.  796 

The forest transpiration (ET) based on sap flow measurements did not exceed 4.0 mm d
-1

, 797 

with minor differences between normal and hot years. Catchment ET was strongly influence by 798 

solar radiation (Rs) and relative humidity (RH). The estimations of tree water deficit (TWD) 799 

based on incremental stem diameter recordings showed a strong difference between years, with 800 

the hot year (i.e., 2020) having much larger values than the normal year (i.e., 2021) across 801 

species and PFTs. The interannual differences of TWD were primarily affected by the soil water 802 

content (θ) suggesting that soil drought rather than atmospheric drought was the primary driver 803 

for vegetation stress. 804 

The three numerical experiments showed that the characterization of plant hydraulic traits 805 

(PHTs) based on species rather than a "PFT-typical" parameterization improved the ET estimates 806 

of homogeneous forest stands and to a lesser extent that of mixed forests. Also, the use of a 807 

refined parameterization improved the capability of the model in reproducing the vegetation 808 

water stress at both coarse (i.e., PFT) and fine (i.e., species) levels for the broadleaf stands. 809 

Representing fully-mixed forests as individual species showed limitations on the ET estimates as 810 

even though the grid-cell level do not differ among parameterizations. These results highlight the 811 

importance of refining the characterization of the PHT assigned to conventional PFT, where the 812 

improvement should consider the spatial distribution of the species present in a region. The 813 

results of the numerical experiments showed the constraints to use the simulated root water 814 
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potential (Ψroot) to identify hydraulic stress periods in needleleaf covers. Whereas the 815 

performance of Ψroot in broadleaf covers highlighted its utility to identify such periods of 816 

hydraulic stress. 817 

  818 

Acronyms 819 

Acronym Meaning 

BDF Broadleaf deciduous forest 

BDT Broadleaf deciduous temperate trees 

EDO European drought observatory 

GMP Generic model parameterization 

LAI Leaf area index 

PAP PFT adjusted parameterization 

PCA Principal component cnalysis 

PFT Plant functional type 

  

Ioa Index of agreement 

-f forest fraction 

-g grid cell level 

NEF Needleleaf evergreen forest 

NET Needleleaf evergreen temperate trees 

PHS Plant hydraulic system 

PHT Plant hydraulic traits 

PLC % loss of hydraulic conductance  

PVC Plant vulnerability curve 

SSP Species specific parametrization 

TWD Tree water deficit 
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