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Summary 51 

1. A valid representation of intra-annual wood-formation processes in global vegetation 52 

models is vital for assessing climate change impacts on the forest carbon stock. Yet, wood 53 

formation is generally modelled with photosynthesis, despite mounting evidence that 54 

cambial activity is rather directly constrained by limiting environmental factors. 55 

2. Here, we apply a state-of-the-art turgor-driven growth model to simulate four years of 56 

hourly stem radial increment from Picea abies (L.) Karst. and Larix decidua Mill. growing 57 

along an elevational gradient. For the first time, wood formation observations were directly 58 

used to validate weekly to annual stem radial increment simulations, while environmental 59 

measurements were used to assess the climatic constraints on turgor-driven growth.  60 

3. Model simulations matched the observed timing and dynamics of wood formation. Using 61 

the detailed model outputs, we identified a strict environmental regulation on stem growth 62 

(air temperature >2 °C and soil water potential >-0.6 MPa). Warmer and drier summers 63 

reduce the growth rate due to turgor limitation despite warmer temperatures being 64 

favourable for cambial activity.  65 

4. These findings suggest that turgor is a central driver of the forest carbon sink and should 66 

be considered in the next-generation of vegetation models, particularly in the context of 67 

global warming and increasing frequency of droughts.  68 



Introduction  69 

Wood formation plays a critical role within the terrestrial carbon cycle and its sensitivity 70 

to climate change will impact the earth’s climate system (Bonan, 2008; Pan et al., 2011; Popkin, 71 

2019). Projections of future forest carbon pools are usually provided by dynamic global 72 

vegetation models (DGVMs; Cox et al., 2000; Sitch et al. 2008), which are increasingly 73 

scrutinized for ability to correctly represent the wood formation processes (De Kauwe et al., 74 

2014; Pugh et al., 2016; Fatichi et al., 2019; Friend et al., 2019). In particular the assumption 75 

that wood formation is mainly regulated by photosynthesis, i.e., carbon source limitation 76 

(Boisvenue et al., 2006), is being criticized. Furthermore, such simulations show mismatches 77 

with tree-ring based biomass estimates and sensitivity of growth to climate variations (Tei et 78 

al., 2017; Klesse et al., 2018). Moreover, limited agreement has been found between 79 

aboveground biomass increment and carbon uptake derived from flux tower measurements 80 

(Babst et al., 2014; Delpierre et al., 2016; Pappas et al., 2020). A common explanation entails 81 

that wood formation is not solely dependent on photo-assimilate production, but also on 82 

limitations of the cambium to fix carbon (Fatichi et al., 2014). Indeed, low temperatures and 83 

reduced water availability limit cambial activity at higher thresholds than photosynthesis 84 

(Körner et al., 2008; Parent et al., 2010; Muller et al., 2011; Rossi et al., 2016). As a 85 

consequence, wood formation is expected to be more sink-limited under drier and colder 86 

environmental conditions than carbon assimilation. Our predictions of forest productivity are 87 

thus expected to improve by considering sink-limiting processes within DGVMs (Guillemot et 88 

al., 2017; Huntzinger et al., 2017). 89 

Assimilated carbon is invested in woody stems to facilitate water and nutrients transport, 90 

mechanical support, and storage for carbohydrates, water and defence compounds (Kozlowski 91 

et al., 1997; Fournier et al., 2006). Our central knowledge on wood formation (or xylogenesis) 92 

originates from conifer studies, where ~90% of the stem’s xylem is composed of dead wood 93 

cells, which are progressively formed via cell division by the cambium (the vascular meristem) 94 

differentiated through cell enlargement, secondary cell-wall formation and lignification and 95 

finally matured through programmed cell death (Rathgeber et al., 2016). Annual xylem radius 96 

increase (or tree rings) therefore depends on the number of cells produced by cambial division 97 

and their ability to enlarge under given environmental conditions (Cuny et al., 2014). The 98 

relationships between climate and sub-annual wood formation observations are thus 99 

increasingly studied (Rossi et al., 2016; Cuny et al., 2019), providing valuable insights on the 100 

timing of wood formation and woody biomass production (Cuny et al., 2015). Tree rings are 101 



forged through the interplay between climate and mechanisms impacting cambial activity 102 

(Cuny & Rathgeber, 2016), which involves carbon (Hölttä et al., 2010) and nutrient availability 103 

(Norby et al., 2010), internal hormonal signalling (Drew et al., 2010; Hartmann et al., 2017), 104 

temperature dependent enzymatic kinetics (Parent et al., 2010), and water driven turgor 105 

pressure in the xylem (Steppe et al., 2006; Steppe et al., 2015). Yet, further model development 106 

is needed to incorporate relevant mechanisms underlying wood formation and its interaction 107 

with climate (but see Leuzinger et al., 2013 and Guillemot et al., 2017; Friend et al., 2019). 108 

Turgor pressure in forming xylem cells has been advanced as a central “sink-limiter” 109 

(Fatichi et al., 2014; Steppe et al., 2015), determining the initiation and rate of cell enlargement 110 

(Lockhart et al., 1965; Cosgrove, 1986; Steppe et al., 2006). This is supported by experimental 111 

evidence, revealing a strict down-regulation of growth during drought stress compared to 112 

photosynthetic activity (Muller et al., 2011). Although cell division and enlargement are driven 113 

by hormones (Hartmann et al., 2017), turgor above a “yield” threshold provides the mechanical 114 

force for cell-wall relaxation and subsequent cell enlargement (Génard et al., 2001). A recent 115 

modelling study applied this paradigm on Pinus sylvestris, revealing the importance of turgor 116 

(regulated by soil water availability) in dictating the final tracheid diameter (Cabon et al., 2020), 117 

which raises the question about the relevance of this process in controlling overall radial growth 118 

rates.  119 

Mechanistic models that aim to simulate intra-daily stem growth (of both xylem and 120 

phloem) focus on internal stem hydraulics (Steppe et al. 2006; Génard et al., 2008; De Swaef 121 

& Steppe, 2010; Hölttä et al., 2010; De Schepper & Steppe, 2010; Nikinmaa et al., 2014; Baert 122 

et al., 2015; Salomón et al., 2017; Salomón et al., 2019). However, often these models have 123 

only been tested for short periods of up to a few months, are applied on young plants growing 124 

under controlled conditions, have a large multitude of parameters and require sub-daily 125 

physiological measurements (Babst et al., 2018). Moreover, although these models, and other 126 

empirical approaches (e.g., Mencuccini et al., 2017), are showing their ability to disentangle 127 

daily irreversible stem growth patterns from bark water content changes, they have rarely been 128 

validated with independent  measurements (i.e., measurements not used for model calibration) 129 

of wood formation (e.g., xylogenesis; Cuny et al., 2019). There is thus a need to validate 130 

whether turgor pressure remains the crucial mechanism in regulating whole-tree radial growth 131 

on inter- and intra-annual time-scales (Fonti & Jansen, 2012; Steppe et al., 2015; Zuidema et 132 

al., 2018). 133 



Environmental conditions can severely limit carbon sink and source activity, yet with 134 

different sensitivities, as highlighted by (Fatichi et al., 2014). For example, stem water potential 135 

changes within plants (i.e., induced by drought) affects turgor pressure and cell expansion rates, 136 

and strongly inhibits cambial activity below -1 MPa (Muller et al., 2011; Cabon et al., 2020), 137 

while at similar water status the conductance of water and photosynthetic activity are less 138 

affected (Tardieu et al., 2011). Similarly, cambial activity shows a highly consistent response 139 

to varying temperature that can be explained by the effect of temperature on metabolic activity 140 

(Parent et al., 2010; Parent & Tardieu, 2012), where temperature below 5 °C have been shown 141 

to prohibit cambial activity (Rossi et al., 2016; Cabon et al., 2020). Besides the limited efforts 142 

in quantifying such environmental thresholds on mature trees, the question remains to which 143 

extent turgor limitation hampers inter- and intra-annual radial stem growth with future 144 

increasing temperatures, rising vapour pressure deficit and decreasing water availability (Ciais 145 

et al., 2005; Grossiord et al.,2020). Particularly, forests growing at high elevations and latitudes 146 

have been identified as hotspots of change (e.g., Peters et al., 2017; Babst et al., 2019), although 147 

it has to be established where and when the benefit of relieving temperature limitation will be 148 

outweighed by increasing drought stress. Disentangling these limiting variables along steep 149 

thermal and soil moisture gradients, as present in mountainous ecosystems (i.e., a space-for-150 

time experimental setting; Moser et al., 2009), will thus provide insights into both 151 

environmental thresholds of growth mechanisms and their future role with persistent 152 

environmental warming.  153 

 In this study, we rely on a turgor-driven mechanistic model (originating from Steppe et 154 

al., 2006 and De Schepper & Steppe 2010) to simulate growth of Larix decidua Mill. and Picea 155 

abies (L.) Karst. trees along an elevational gradient in the Central Swiss Alps (from 1300 to 156 

2200 m above sea level) and at contrasting wet and dry site conditions (see Peters et al., 2019). 157 

We used a unique multi-annual dataset of sub-hourly sap flow and stem radius variation as 158 

model input and calibration data, respectively, while using weekly to annual radial xylem 159 

growth observations of trees for independent validation (Cuny et al., 2019). We specifically 160 

addressed three hypotheses: (1) Inter- and intra-annual radial wood formation in both species 161 

can be explained by turgor-driven radial growth. (2) Turgor-driven growth rates show a stronger 162 

environmental regulation than conductance of water, because photosynthesis persists when 163 

growth is already inhibited. (3) Turgor limitation will become more prevalent with warming, 164 

compared to the relieve of temperature limitation in high-elevation forests. The latter is tested 165 

by analysing the dynamics of turgor limitation to warmer site conditions (i.e., at lower 166 



elevations), while considering temperature depend enzymatic kinetics which increases cell wall 167 

relaxation at higher temperatures (Parent et al., 2010).   168 



Materials and methods  169 

Study design and allometric measurements 170 

The study was performed on trees growing at five sites in the Swiss Alps (Lötschental, 171 

46°23′40″ N, 7°45′35″ E; Fig. 1a), including European larch (Larix decidua Mill.) and Norway 172 

spruce (Picea abies (L.) Karts.). Four sites were distributed along an elevational gradient (at 173 

~1300, 1600, 1900 and 2200 m a.s.l.) from the valley bottom to the treeline, in addition to a site 174 

with wet soil conditions at the valley bottom. The mean growing season temperature decreases 175 

by 3.2 °C when moving from the valley bottom up to the treeline (see Fig. S1; Peters et al., 176 

2019). A total of 20 trees of both species were selected (2-3 trees per site and species, with only 177 

L. decidua at 2200 m a.s.l.; Table 1) for continuous high-resolution physiological monitoring 178 

over four years (2012-2015; 11 L. decidua and 9 P. abies; Fig. 1b). Additionally, four trees per 179 

site and species were selected for two years (2012-2013) for weekly wood-formation 180 

monitoring (as described in Cuny et al., 2019).  181 

Allometric properties were collected from all monitored trees on which physiological 182 

monitoring was performed (see Cuny et al., 2019 for allometric properties of trees on which 183 

wood formation monitoring was performed). Allometric measurements included: i) stem 184 

diameter at breast height (DBH [cm]), ii) tree height [m], iii) stem length up to the crown base 185 

(lstem [m]; Vertex, Haglöf, Sweden), iv) sapwood (Tsapwood [cm]) and v) heartwood thickness (rhw 186 

[cm]; measured from two increment cores taken perpendicular to the slope; using an increment 187 

borer, Haglöf, Sweden; see Peters et al., 2017), and vi) bark (Tbark [cm]) and vii) phloem 188 

thickness (Tphloem [cm]; using a Trephor puncher; Tesaf, University of Padova, Italy) at breast 189 

height (1.3 m above ground). 190 

Physiological monitoring and meteorological data 191 

On each tree stem we performed continuous hourly measurements of stem radius (rstem 192 

[µm]) using a high-precision point dendrometer installed onto the outer bark (King et al., 2013; 193 

Ecomatik model DR, Munich, Germany) and sap flux density (Fd [cm3 m-2 h-1]) using thermal 194 

dissipation probes (Peters et al., 2019; Tesaf, University of Padova, Italy; Fig. 1b). Both sap 195 

flow and dendrometer sensors were installed at the slope facing side of each stem at ~1.6 m 196 

above ground (Fig. 1). The Fd was calculated by using the method described in Peters et al. 197 

(2018; applying a species-specific calibration, dampening correction and environmental 198 

dependent zero-flow conditions). Needed as input for the model, Fd was multiplied by sapwood 199 

area to obtain water flow to the crown (Fcrown [g h-1]). The initial diameter of the stem (Dstem 200 



[cm]= rstem * 2, required for model calibration) was calculated from the tree diameter 201 

considering xylem and phloem (DBH – Tbark * 2 + Tphloem * 2).  202 

For improving model calibration, branch water potential (a proxy for leaf water 203 

potential; ψleaf [MPa]) measurements were taken at N13d, N13w and S22 during four diurnal 204 

campaigns (2-h interval from 05:00 to 21:00 CET on 19-04-2014, 27-05-2015, 21-07-2015 and 205 

24-09-2015) and weekly sampling at midday (11:00-15:00 CET) was performed during the 206 

2015 growing season. Measurements were performed using a Scholander pressure chamber 207 

(Boyer, 1967) on four twigs (~5 cm) per tree. During the diurnal campaigns additional twigs 208 

were covered with aluminium foil, two hours prior to sampling (Begg & Turner, 1970) to 209 

determine stem water potential (ψstem [MPa]).  210 

For independent model validation, inter-annual growth was established for the 211 

monitored trees by measuring tree-ring width [mm] using an increment borer in 2015 close to 212 

the dendrometer sensor. Wood formation was determined by collecting weekly micro-cores 213 

from 2012 till 2013 (from May till November) to produce thin-sections for counting the number 214 

of cambial, enlarging, wall thickening and mature cells (see Cuny et al., 2019 for details on 215 

sample processing). This data was combined with wood anatomical properties of the 216 

corresponding completed ring to determine radial xylem growth (rxyl) according to Cuny et al. 217 

(2014). In short, digital images of the corresponding tree-ring thin sections were analysed using 218 

image analysis software (using ROXAS; von Arx & Carrer, 2014) to measure the dimensions 219 

of tracheids along radial files. Then, RAPTOR (Peters et al., 2017) was used to establish 220 

tracheid dimensions along an average of 30 radial files. 221 

At each site, micrometeorological conditions were monitored, including 15-min 222 

resolved air temperature (Ta [°C]) and relative humidity (RH [%]; Onset, USA, U23-002 Pro; 223 

also used to calculate vapour pressure deficit or D [kPa], see WMO 2008), as well as hourly 224 

soil water potential measurements at 10 and 70 cm depth (ψsoil [MPa]; Decagon, USA, MPS-225 

2). Maximum ψsoil across both depths was used, assuming roots had equal access to water across 226 

the soil profile. Hourly global radiation (Rg in W m-2) was measured at N13d using a micro-227 

station (Onset, USA, H21-002 Micro Station) and pyranometer (Onset, USA, S-LIB-M003). 228 

See Peters et al. (2019) for a detailed description on the processing of the micrometeorological 229 

data. 230 

  231 



Turgor-driven growth model 232 

This study makes use of a mechanistic model consistent of a water transport (Fig. 2a) 233 

and stem diameter (Fig. 2b) module, using equations detailed in Steppe et al. (2006) and De 234 

Schepper & Steppe et al. (2010), assuming that growth is solely limited by sink activity (i.e., 235 

turgor-driven cell expansion). The model requires information on tree-specific allometric 236 

characteristics, hourly tree physiological measurements and micrometeorological data and 237 

parameters, to disentangle reversible (i.e., daily shrinkage and swelling due to water transport) 238 

from irreversible (i.e., wood formation) diameter growth. Besides applying the above described 239 

model containing solely hydraulic mechanisms affecting growth, we applied a second 240 

modelling approach which incorporates temperature-dependent enzymatic kinetics affecting 241 

cell wall extensibility to assess the importance of temperature vs. turgor limiting growth. The 242 

model was validated against independent weekly to annual wood formation observations.   243 

The turgor-driven growth model (Fig. 2) simulates water exchange between stem 244 

compartments induced by sap flow, which allows to assess differences in water potentials 245 

between compartments. The model considers three compartments, including the roots, stem 246 

(trunk of the tree until the crown base) and crown (Fig. 2c). The stem is modelled by three 247 

coaxial cylinders including heartwood, water conducting sapwood and an elastic stem storage 248 

compartment (consisting of cambium and phloem tissue) but excluding inactive bark. Water 249 

transport from the roots through the sapwood (Fstem [g h-1]) is determined by the difference 250 

between root water potential (ψroot [MPa]) and ψstem divided by the hydraulic resistance of the 251 

xylem (Rx [MPa h g-1]; see Table 2). Moreover, the simulated Ѱstem was used to calculate Ѱleaf 252 

by using a proportionality constant derived from the in situ leaf and stem water potential 253 

measurements (kleaf; Table S1). The imbalance between Fstem and water transported to the crown 254 

(Fcrown [g h-1]; sap flow measurements) defines the amount of water that is used from the storage 255 

compartment (fstorage), and is calculated using the resistance for radial water transport (Rs [MPa 256 

h g-1]) and the capacitance of the tissue to release water (Cstorage [g MPa-1]). Thus, the model 257 

estimates the storage water potential (ψstorage [MPa]) and subsequently the volume of water in 258 

the storage compartment (𝑉𝑉stems  [m3]). Depending on a fixed initial osmotic potential (𝛱𝛱si 259 

[MPa]; assuming no carbon limitation), these dynamics are used to determine turgor pressure 260 

in the storage compartment (𝜓𝜓sP [MPa]). Daily reversible fluctuations in Dstem (as seen in 261 

dendrometer measurements) are determined by pressure changes in sapwood (affected by its 262 

elastic modulus; εx [MPa]) and storage compartment (determined by the storage compartment’s 263 

elastic modulus; εs [MPa]) using Hooke’s law (De Schepper & Steppe, 2010). The dynamics of 264 



𝜓𝜓sP are used to calculate irreversible diameter growth (𝐷𝐷stemx ). Growth occurs when 𝜓𝜓sP exceeds 265 

a threshold value for cell wall yielding (Γ [MPa]; Lockhart et al., 1965; Steppe et al., 2006), 266 

which increases both the dimensions of the phloem and the xylem compartment (whose 267 

fractional investment is defined by fgrowth). The increase in irreversible radial growth due to 𝜓𝜓sP 268 

exceeding Γ depends on the extensibility of cell walls (ϕ), which is a fixed parameter for the 269 

initial modelling scenario.  270 

The second modelling approach assessed the impact of temperature-dependent 271 

enzymatic kinetics on ϕ (Equation 1). We hypothesize that cell wall extensibility is increased 272 

or decreased, with high vs. low temperatures, respectively, due to the effect of temperature on 273 

enzymatic kinetics, which drive the release of cellulose microfibrils (Cosgrove, 2000). A 274 

combination of the Eyring (2004) equation, expressing the enzymatic reaction rate with Ta 275 

(expressed in °K), with the equation of the rate of reversible denaturation of enzymes provides 276 

the framework for expressing enzymatic kinetics as a function of temperature (Johnson et al., 277 

1942; Parent et al., 2010).  278 

𝐹𝐹(𝑇𝑇) =  
𝐴𝐴 𝑇𝑇a e
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where F(T) [unitless] is considered the reaction rate, where ∆𝐻𝐻Aǂ [kJ mol-1] is the enthalpy of 279 

activation (affecting the curvilinear of the increasing part of the function), R [J K−1 mol−1] is 280 

the gas constant, A [unitless] is a scaling constant. Denaturation of enzymes (denominator) is 281 

determined by enthalpy (∆𝐻𝐻D [kJ mol-1]) and entropy (∆𝑆𝑆D[kJ mol-1 °K-1]) between the 282 

catalytically active and inactive states of the enzymes. In addition, to comply to the observation 283 

made by Körner (2003), we set F(T) = 0 when Ta <5 °C. Parameters were selected according to 284 

Parent et al. (2010), where ∆𝐻𝐻Aǂ  = 87.5 kJ mol-1, ∆𝐻𝐻D = 333 kJ mol-1, and ∆𝑆𝑆D = 1.09 kJ mol-1 285 

°K-1. The function is scaled using A = 15.168*1010, to scale the response function to have a ϕ 286 

of 0.006 MPa-1 h-1 (Table S1) at 15 °C (~night time temperature during the growing season). 287 

Modelling and statistical analyses 288 

Model parameters were established with existing literature and tree-specific 289 

measurements (see Table S1 and associated figures and tables). Model calibrations, simulations 290 

and sensitivity analyses (Fig. S2) were performed using the PhytoSim software (version 2.1, 291 

Phyto-IT, Gent, Belgium; see Note S1 for details) on each individual tree. Two types of model 292 



calibrations were used for different subsets of trees, namely the 2015 and moving-window 293 

calibration (Table 1). First calibrations were performed for the measurements in 2015 for 7-day 294 

periods when ψleaf was measured (at N13d, N13w and S22). These weekly calibrations were 295 

performed to analyse the behaviour of hydraulic parameters (Rx, Cstorage, 𝛱𝛱si and Rs; Table S5). 296 

Additionally, as ψleaf measurements were not available for all years, we performed analyses to 297 

test model performance with Cstorage or Rx, as a fixed parameter (Note S2). After constraining 298 

Cstorage and 𝛱𝛱si, a 7-day moving-window calibration was applied on dendrometer measurements 299 

of all trees and years to obtain ~hourly 𝐷𝐷stemx  dynamics. The growing-season calibrations were 300 

run from 2012 till 2015 with fixed Cstorage (dependent on storage compartment volume) and 𝛱𝛱si 301 

(~1.3 MPa). The calibrations (of Rx and Rs) were performed with a 7-day moving window 302 

approach from May till August. The moving window shifts forward while providing a three day 303 

overlap with the previous calibration (to prevent spurious end-effects of the simulated 304 

parameters), using both initial conditions and parameters (of Rs and Rx) from the previous 305 

calibration. For testing hypothesis 1, simulated daily growth patterns were averaged to weekly-306 

averaged daily growth patterns (e.g., Fig. S9) and compared to the weekly wood-formation 307 

observations (Fig. S10) and ring width.  308 

To test hypothesis 2, we assessed the environmental response of turgor-driven radial 309 

growth [mm d-1] by relating daily growth rates to daily mean Ta and ψsoil. Additionally, the 310 

environmental response of crown conductance (gc [gwater m-2
sapwood s-1 kPa-1]) was analysed 311 

according to Meinzer et al., (2013). In short, daily mean gc was determined with the ratio of Fd 312 

to D under conditions of negligible stem capacitance. We calculated gc every 15 minutes and 313 

excluded measurements where Rg was below 500 W m-2, to avoid stem capacitance effects on 314 

sap flow and transpiration during dawn and dusk (see Peters et al., 2019 for a more detailed 315 

description). To account for collinear environmental factors, we analysed Ta when removing all 316 

data with a ψsoil below -0.2 MPa, while for ψsoil we removed all Ta data below 11 °C. The 317 

fraction of days where growth and gc exceeded a given threshold was calculated to approach 318 

the probability of growth and gc to occur under specific environmental conditions (>2.5 μm d-1 319 

for radial growth and >15 g m-2 s-1 kPa-1 for gc). The threshold values were determined after 320 

visual inspection of the output, as lower values are likely generated by measurement 321 

uncertainties in the model input data (i.e., sap flow measurements).  322 

Finally, to test hypothesis 3, a model calibration was performed where ϕ was made 323 

dependent on Ta to quantify the hours of turgor and temperature limitation across the gradient. 324 

Statistical analysis on the comparison between model output (i.e., independent variable) and 325 



validation data (i.e., dependent variable) was performed with linear mixed-effect models 326 

(considering the site and nested individual as random factor for the intra-annual validation and 327 

solely the site as a random factor for the inter-annual analyses due to the low number of years, 328 

using the nlme package; Pinheiro et al., 2020). Data processing and statistical analysis on the 329 

comparison between model output and validation data was performed with the software R 330 

(version 3.2.00, R development core team 2013). 331 

Results 332 

Model parameterization and testing 333 

The mechanistic model, simulating stem-hydraulics, provided stem-diameter variations fitting 334 

well with the observations of both growth and non-growth periods (Fig. 3). Model calibrations 335 

and outputs revealed that parameters, such as hydraulic capacitance of the storage compartment 336 

(Cstorage) and hydraulic resistance in the xylem (Rx), fell within realistic ranges, where Rx 337 

changed with elevation and species (e.g., Rx significantly increased under persistent drought 338 

conditions; Note S2). This performance of the model was reflected in the high goodness of fit 339 

between Dstem and dendrometer measurements across sites and species for the calibration used 340 

to study the behaviours of hydraulic parameters (Table 3). Using hourly soil water potential 341 

(ψsoil) and sap flow (Fcrown) measurements as input, the model was able to estimate water 342 

potential and flows along the different environmental (soil and atmosphere) and tree (crown, 343 

stem xylem and bark storage) components and assess the turgor pressure (𝜓𝜓𝑠𝑠P) experienced by 344 

the cambial cells (Fig. 3). Growth (irreversible cell enlargement) of wood (𝐷𝐷stemx ) occurs when 345 

𝜓𝜓𝑠𝑠P exceeds a threshold for cell wall-yielding (Γ). This is mainly reached during night periods 346 

as shown in Fig. 3. The model parameters were calibrated on each individual tree growing at 347 

three sites (a wet and dry site at 1300 m a.s.l. and the treeline site at 2200 m a.s.l.; Note S2), 348 

where weekly midday leaf water potential measurements were performed during the growing 349 

season of 2015 (ψleaf).  350 

Validation of radial growth simulations against observations 351 

Simulated wood radial growth (rxyl derived from Dxyl) for each tree and week, during the 352 

growing season 2012 to 2015, was compared to observations of radial wood formation (Fig. 4). 353 

Simulated daily xylem growth rates (weekly-averaged) showed a high agreement with 354 

xylogenesis observations for 2012 and 2013 (Fig. 4a), especially for L. decidua at the treeline 355 

(R2= 0.89, P <0.0001; Table 4). The goodness of fit decreases with elevation, with the larger 356 

deviation at the dry site in the valley bottom for 2013 (P. abies, R2= 0.14, P= 0.112; L. decidua, 357 



R2= 0.21, P= 0.04). On average, the goodness of fit was lower for P. abies compared to L. 358 

decidua (R2= 0.52 and 0.70, respectively), yet the seasonal patterns were generally well 359 

captured. The largest deviations were detected at the end of the growing season, where 360 

simulated growth stopped earlier than observations at the valley bottom with dry conditions 361 

during 2013 (Fig. 4a). A comparison of simulated annual growth vs. measured ring width from 362 

2012-2015 showed a good agreement across sites and species (Fig. 4b). The slope of 0.89 (P< 363 

0.0001, n= 76; with the site as a random factor) indicates that the model simulations slightly 364 

overestimate ring width. The 95% Bayesian credible interval indicates an overall uncertainty of 365 

~1 mm for modelled growth. For the moving-window calibrations consistent patterns where 366 

found for Rs and Rx, with higher values at the start and end of the growing season and under 367 

drier conditions (Fig. S11). 368 

Environmental regulation of growth and conductance 369 

Simulated daily growth rates and crown conductance (gc) were related to measurements of 370 

atmospheric temperature (Ta) and soil water potential (ψsoil) in order to assess environmental 371 

conditions which regulate growth v and crown conductance (Fig. 5). Daily Ta at the sites along 372 

the gradient ranged from ~0 to 20°C for June-August, while in the valley bottom the wet and 373 

dry sites ψsoil ranged from ~0 to -1.2 MPa (with the other sites only ranging till ~-0.5 MPa, and 374 

decreasing drought severity with increasing elevation). These conditions fall into the range 375 

where offsets between photosynthetic activity and growth would be expected (Fig. 5a). Below 376 

2°C, the probability of modelled growth to occur is only 23% (Fig. 5b), whereas the active 377 

crown conductance below this threshold is 43% (Fig. 5c). Note that daily growth rates increased 378 

until 11°C, after which it stabilized and slowly decreased due to the increase in vapour pressure 379 

deficit (D in Fig. S8). The probability of growth decreased from 65% to 29% between -0.2 and 380 

-0.6 MPa ψsoil, while almost no growth occurred below -0.6 MPa (Fig. 5b). Yet, gc appeared to 381 

show a less steep decrease with decreasing ψsoil, where sap flow still occurred at -1.2 MPa (Fig. 382 

5c).  383 

When incorporating temperature dependency of enzymatic kinetics affecting ϕ, 384 

simulations revealed that ϕ became less limiting with higher summer temperatures (Fig. 6; P< 385 

0.0001; -35 h ºC-1 for summer or -50 h ºC-1 when considering the growing season, 1st of May 386 

till the 1st of October; P= 0.0073 with the site as a random factor). Yet, with increasing summer 387 

temperatures, 𝜓𝜓𝑠𝑠P became twice as limiting compared to relieve temperature limitation on ϕ 388 

(Fig. 6), with a 74 h increase in 𝜓𝜓𝑠𝑠P limitation per 1°C increase in summer Ta (or 147 h ºC-1 in 389 



the growing season). Although wet site conditions reduced this limitation (wet vs. dry valley 390 

bottom site ∆431 h 𝜓𝜓𝑠𝑠P limitation; P= 0.0001), the trend of increasing hours of 𝜓𝜓𝑠𝑠P limitation 391 

with increasing summer Ta remained (wet valley bottom site= 100 h 𝜓𝜓𝑠𝑠P limitation °C-1). 392 

However, note that this trend is less evident for the dry valley bottom site. 393 

Discussion 394 

For the first time, we present a multi-annual validation of turgor dynamics in radial stem growth 395 

modelling for mature conifers growing under natural environmental conditions. Our model not 396 

only supports the relevance of sink over source activity but also enabled to identify threshold 397 

environmental conditions, a requested step for evolving next generation of dynamic vegetation 398 

models – i.e., capable of appropriately representing wood formation processes in a tree’s stem 399 

(Babst et al., 2018; Zuidema et al., 2018). Our model illustrates that water and carbon are tightly 400 

interconnected in the tree, where turgor is at the centre of this interaction and needs to be 401 

considered for simulating wood formation at daily to inter-annual resolutions. 402 

The importance of turgor in explaining xylem growth 403 

The turgor-driven growth model provided realistic wood formation estimates. Temporal 404 

dynamics of radial xylem growth rate simulations showed agreement with xylogenesis 405 

observations (Fig. 4a), with maximum daily growth rates in June or July depending on site 406 

elevation. In addition, turgor-driven cell enlargement processes can explain absolute ring-width 407 

patterns (Fig. 4b) which confirms the conceptual model presented by Cuny et al. (2014) and 408 

supports the importance of cell enlargement kinetics in defining the final dimensions of the 409 

wood structure. Finally, the validity of the simulated processes is supported by the fact that all 410 

calibrated parameters are realistic and within the range of previously reported values (see Note 411 

S2, which also provides species-specific parameter values). The model shows a tendency for 412 

overestimating ring width (Fig. 4b), which could be due to xylem vs. phloem cell production, 413 

which is currently considered as a static process (fgrowth, in Table S1) while it can change 414 

dynamically during the growing season (Prislan et al., 2013). Additionally, the lower intra-415 

annual performance observed at lower elevational sites, with drier conditions (≤ 1600 m a.s.l.; 416 

Fig. 4a) indicates the need to consider mechanisms that potentially maintain turgor pressure 417 

during drought (e.g., as found at the leaf level in Bartlett et al., 2012). The current model uses 418 

a fixed initial osmotic potential (𝛱𝛱si) and does hence not take into account dynamics in available 419 

sugars in the storage compartment. Phloem osmotic potential has been shown to increase with 420 

decreasing soil water potential, due to the mobilization of sugars (Lintunen et al., 2016; 421 



Paljakka et al., 2017), potentially increasing turgor pressure, thus demonstrating the relevance 422 

of considering non-structural carbohydrate dynamics in the tree. Alternatively, discrepancies 423 

could be attributed to the uncertainty in xylogenesis measurements, indicated by the high 424 

standard deviation between trees used for wood formation monitoring (e.g., Fig. S10). 425 

Moreover, the intra-annual performance was generally lower for the evergreen P. abies, which 426 

could be related to a stronger carryover (or legacy) effect from previous years due to the 427 

difference in leaf phenology (Zweifel et al., 2019), which has not been specifically considered. 428 

This explanation is supported by the stronger dependency of ring width variability with 429 

temperature and precipitation from the previous year (Peters et al., 2017). 430 

Whereas we only considered sink activity (i.e., cambial activity and cell enlargement) 431 

and assumed carbon source to be not limiting, our mechanistic model showed an appropriate 432 

performance. Yet, the variability in osmolality in the phloem (Paljakka et al.,2017), including 433 

the dynamic regulation of sugar production (photosynthesis), transport, loading and unloading 434 

(De Schepper & Steppe, 2010) could be of high relevance to further improve the model. For 435 

example, at the beginning and the end of the growing period, the exchange resistance of water 436 

between xylem and phloem (Rs), followed by xylem sap flow resistance (Rx), are larger across 437 

sites and species (Fig. S9). This increase in Rs could be due to seasonal dynamics in osmolality, 438 

where the concentration of non-structural carbohydrates in the phloem is lower at the beginning 439 

and the end of the growing season, reducing both the flow of water to the storage compartment 440 

and osmotic pressure (Simard et al., 2013). Also, such Rs dynamics have been shown to be 441 

temperature dependent (e.g., Steppe et al., 2012). Alternative mechanisms have been 442 

hypothesized to drive the beginning and the end of growth. First, as incorporated in our model, 443 

cell wall extensibility is accelerated or decelerated, at high vs. low temperatures, respectively, 444 

due to the enzymatic kinetics, which drive the release of cellulose microfibrils and could 445 

potentially halt growth at low temperatures (Cosgrove et al., 2000; Parent et al., 2010). Second, 446 

hormonal signalling has been proposed, where lower auxin concentrations reduce growth at the 447 

beginning and the end of the growing season (Steppe et al., 2006; Steppe et al., 2015; Hartmann 448 

et al., 2017), forcing the modelled resistances for xylem and storage water transport (Rx and Rs, 449 

respectively) to increase, and reduce refilling of the storage compartment to increase turgidity. 450 

These hypotheses need to be further investigated to fully comprehend the mechanisms that halt 451 

growth and make our modelling approach suitable for predictive purposes. The increase in Rx, 452 

particularly at the end of the growing season, could also be induced by changes in physical 453 

properties of the xylem which could be induced by the occurrence of embolism due to drought 454 



(e.g., Steppe & Lemeur, 2007). Overall, our study validated a concrete approach for 455 

incorporating sink-limited growth processes such as turgor for multiple years in mature 456 

conifers. Our results provide evidence for the importance of turgor driving radial growth and a 457 

means to validate mechanistic models with independent weekly and annual growth 458 

observations. 459 

Environmental regulation of turgor-driven growth and crown conductance 460 

We found a strong environmental control on turgor-driven growth. Our model allows to 461 

directly associate turgor-driven growth limitation to corresponding environmental conditions, 462 

including atmospheric temperature (Ta) and soil water potential (ψsoil; Fig. 5). However, existing 463 

collinearity between Ta, VPD and ψsoil may include interaction effects between them. The low 464 

probability of cell growth occurring below 2 °C (23%; Fig. 5b) suggests a temperature threshold 465 

which is above the required photosynthetic minimum of ~0 °C (when assuming constant cell 466 

wall extensibility; ϕ; Saxe et al., 2001). However, our threshold lies below ~5° C as determined 467 

by Körner (2008), which could be due to the higher temporal resolution of our simulations. 468 

More critical is the observed halt of simulated growth at ψsoil values below -0.6 MPa, which is 469 

less negative than ψsoil constraining photosynthesis (Muller et al., 2011) and suggests a strict 470 

control of growth by soil water availability for trees. 471 

Since stomatal conductance (expressed as crown conductance; gc) is tightly linked to 472 

photosynthetic activity (Dewar et al., 2018), we would expect that growth would start once 473 

water transport is initiated, in case growth is limited by the carbon source. When considering 474 

crown conductance derived from sap flow measurements (e.g., Meinzer et al., 2013), we find a 475 

higher probability for trees to conduct water than grow at temperatures below 2 °C (Fig. 5c). 476 

These results suggest that photosynthesis starts at lower temperature than growth (Fig. 5a), 477 

although independent photosynthetic measurements are so far lacking. Interestingly, growth 478 

rates appear to decrease above 11 °C, which disagrees with the apical meristem growth rates 479 

that decrease above ~30 °C (Fig. 5a; Parent et al., 2010). This decrease above 11 °C can be 480 

explained by high vapour pressure deficit (D) at these temperatures that prevents full refilling 481 

and subsequently induces lower turgidity (Fig. S12), which does not occur in controlled 482 

experimental setups (Parent et al., 2010). We also find a steeper decrease with ψsoil in daily 483 

growth rates than crown conductance (Fig. 5b,c). Yet, the low probability of growth between -484 

0.2 and -0.6 MPa (29%) and almost no growth below -0.6 MPa (9%; Fig. 5b) indicates that 485 

higher D might have decreased stem water potential and caused a stronger inhibition of growth 486 

than what we would expect from decreasing ψsoil alone (Muller et al., 2011). When 487 



incorporating temperature dependence of enzymatic kinetics on ϕ, our simulations reveal that 488 

duration of turgor limitation becomes increasingly limited with increasing temperature during 489 

summer (74 h °C-1; Fig. 6) and the growing season (147 h °C-1), with most severe limitation 490 

during soil droughts. Notably, this trend of increasing turgor limitation with increasing summer 491 

temperature is ~2 times stronger than the reduced temperature limitation affecting ϕ. The 492 

increase in turgor limitation could mechanistically explain why recent analyses show that tree 493 

growth becomes more limited by atmospheric water demand worldwide (Babst et al., 2019). 494 

Model limitations and implications 495 

Models simulating wood formation vary in temporal scale and complexity, which has 496 

its inherent merits (Baert et al., 2015; Friend et al. 2019). Our presented model scales high in 497 

complexity and temporal resolution, where the use of a moving-window calibrations allows for 498 

disentangling growth mechanisms and aids in establishing new hypotheses. However, this 499 

currently limits predictive capabilities and makes our approach most useful in terms of 500 

disentangling hydraulic signals in stem diameter variation from growth and define 501 

environmental thresholds. Crucial steps have to be made to improve the model for predictive 502 

purposes on mature trees, like advance the understanding of dynamic behaviour of the 503 

calibrated parameters (e.g., Cstorage, Rx, Rs or 𝛱𝛱si; Salomón et al., 2017). Hence, the 504 

measurements could be repeated at sites with continuously monitored photosynthetic activity 505 

to integrate water and carbon transport processes on a seasonal basis (De Schepper & Steppe, 506 

2010; Mencuccini et al., 2013; Steppe et al., 2015). Additionally, to provide predictions on the 507 

future fate of carbon stored within woody biomass (Cuny et al., 2015), cell-wall thickening and 508 

other process-based models that define wood anatomical structures could be considered 509 

(Vaganov et al., 2006; Drew et al., 2010; Steppe et al., 2015). As the presented model considers 510 

overall radial wood formation, incorporating both cell enlargement and cell production, more 511 

detailed studies on these individual xylogenesis processes would be needed (e.g., Cabon et al., 512 

2020). Notwithstanding, mechanistic modelling is crucial for constraining the environmental 513 

control on turgor dynamics and subsequently radial wood growth. 514 

Our modelling efforts support the hypothesis that turgor is a critical factor explaining 515 

sink limitation, which has implications for DGVMs. Specifically, our sites along a temperature 516 

gradient illustrate that increasing temperatures and subsequent increase in vapour pressure 517 

deficit and soil drought will significantly increase the duration of turgor limiting growth, 518 

making this a key factor when considering the impact of global warming on forests. This 519 



increase in turgor limitation will be amplified with hotter droughts, although a better 520 

understanding is required on water-use strategies tree species employ during drought. As 521 

turgidity is the engine of radial growth, this process should be considered in global models 522 

predicting future forest productivity (Hayat et al., 2017). With the increasing efforts in detailed 523 

physiological data collection (Steppe et al., 2016; Poyatos et al., 2016; Chu et al., 2017; Babst 524 

et al., 2019), required for driving the mechanistic model presented in this study, the detection 525 

of environmental conditions when turgor is limiting growth becomes feasible. This 526 

identification of key mechanisms and conditions under which environmental conditions are 527 

limiting growth should aid in further unravelling the source- vs. sink-limited growth debate and 528 

improve the quality of vegetation model predictions on the future fate of forest carbon pools. 529 
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Figure legends 780 

Figure 1. Research sites and experimental setup. (a) In the Swiss Lötschental at every 300 m 781 

a.s.l. a site was established (e.g., 2200 m a.s.l. = 22) on either the North- (= N) or South-facing 782 

(= S) slope (top left panel). At the valley bottom, an additional site provides contrast in soil 783 

water availability (dry= N13d and wet= N13w). (b) At each site 2-3 trees per species were 784 

continuously monitored from 2012 till 2015. Picture 1 provides an example of a mature Picea 785 

abies tree which was monitored at the N13w site (N13WBd_S3 in Table 1). Each tree was 786 

equipped with a thermal dissipation probe sap flow sensor (picture 2) and point dendrometer 787 

(picture 3), which were used as model input and calibration respectively. Model simulations 788 

were validated against independent measurements of xylem diameter growth, constructed with 789 

weekly wood formation observations and anatomical properties (picture 4). 790 

Figure 2. Scheme the water transport and stem diameter model linking sap flow dynamics, 791 

dendrometer measurements and growth. (a) The water transport model assesses tree-internal 792 

flows when water moves from the soil to the atmosphere. Water flow is driven by transpiration 793 

(Fcrown) and utilizes either water moving from the soil (Fstem) or from the storage compartment 794 

(fstorage). (b) The water transport model steers the stem diameter model by impacting the pressure 795 

(ψstorage) and turgidity (𝜓𝜓sP) of the storage compartment which consequently changes the outer 796 

stem diameter (Dstem). Reversible growth is determined by the elasticity of the storage and 797 

xylem tissue, while irreversible diameter change or xylem growth (𝐷𝐷stemx ) occurs when turgor 798 

in the forming tissues exceeds a threshold (Γ; Lockhart, 1965; Steppe et al., 2006). (c) Graphical 799 

representation of the stem compartment. The model includes four tissues, where non-functional 800 

bark and heartwood are hydraulically inactive, while the sapwood and the phloem (considered 801 

as the storage compartment, including the cambium) facilitate water transport and store water, 802 

respectively. The origin of the equations is provided with the 1 and 2 symbols, which indicate 803 

Steppe et al., (2006) and De Schepper & Steppe (2010) respectively. The colours indicate 804 

whether the symbol shows a derived variable (in blue), a parameter (in orange) or a 805 

physiological/environmental measurement (in purple). A description of all variables and 806 

parameters used by the model is presented in Table 2. 807 

Figure 3. One week of measured (M.) and simulated water potentials (a, b), diameter variations 808 

(c, d) and water flows (e, f) for Picea abies from the wet site at 1300 m (N13Wad_S2 in Table 809 

1) during non-growth (a, c, e) and growth (b, d, f) periods. Soil water potential (ψsoil; a, b) and 810 

sap flow (Fcrown; e, f) were used as model inputs, while leaf water potential (ψleaf; a, b) and 811 

diameter variations (Dstem; c, d) were measured. Growth of the xylem (𝐷𝐷stemx ; d) occurs during 812 



night-time, when cell turgor pressure (𝜓𝜓sP; a, b) exceeds the critical value for wall-yielding (Γ). 813 

The flow of water to and from the storage compartment (fstorage) affects the turgor pressure, 814 

which is defined by the mismatch between Fcrown and direct stem water flow (Fstem; e, f). 815 

Figure 4. Comparison between turgor-driven growth simulations and radial growth 816 

observations. (a) Xylogenesis-derived daily xylem growth rate (or xyl. presented with dots 817 

where shading indicates the standard deviation) against simulated values (or sim. presented 818 

with coloured lines) for the 2012 and 2013 growing season. Data are averaged over all measured 819 

individuals per site and species (LD = Larix decidua and PA = Picea abies), and scaled to 820 

maximum daily growth rate for comparison. Note that no P. abies trees were monitored at 2200 821 

m due to its limited occurrence at this elevation. (b) Simulated ring widths from 2012-2015 822 

compared with observed ring widths from the increment cores of each individual tree per 823 

species. The solid line indicates a linear regression and the shaded areas show the Bayesian 824 

credible interval of the fitted function. 825 

Figure 5. Growth and crown conductance (gc) responses to atmospheric temperature (Ta) and 826 

soil water potential (ψsoil). (a) Response of sink (growth) and source (photosynthesis) activities 827 

to Ta and ψsoil, reproduced from Fatichi et al. (2014). (b) Modelled radial growth rates (in mm 828 

d-1) as a function of Ta (compiled in 1 °C bins) and ψsoil (compiled in 0.05 MPa bins) for all 829 

sites and species. For the Ta response days with ψsoil < -0.2 MPa were excluded, while for the 830 

ψsoil response days with a Ta < 11 °C were excluded. (c) The same procedure was applied for 831 

daily mean gc. Dotted lines indicate selected critical Ta and ψsoil boundaries, for which we 832 

calculated the probability for growth (see growth prob.) and gc (see cond. prob.). These 833 

boundaries are presented to quantify the difference between growth and gc in their 834 

environmental response. Growth and conductance probabilities are defined as the frequency of 835 

days with values above extremely low values (>2.5 μm d-1 for radial growth and >15 g m-2 s-1 836 

kPa-1 for gc). 837 

Figure 6. Assessment of mean summer air temperature effect on growth duration by 838 

distinguishing between turgor and temperature dependent enzymatic constraints. Mean summer 839 

(June, July and August) atmospheric temperature (Ta) against the hours of growth limitation 840 

caused by temperature limitation (i.e., caused by cell wall extensibility [ϕ] regulated by 841 

temperature dependent enzymatic kinetics; grey dots) and turgor limitation (i.e., turgor pressure 842 

[𝜓𝜓sP] below the critical value for wall-yielding [Γ]; orange dots). For each year the site mean of 843 

the hours of growth limitation was determined (large dots) from the individual specific 844 



simulations from 2012-2015 (small dots). The axis on the right indicates the duration of summer 845 

growth limitation in percentage of the total summer period. The wet and dry sites at the valley 846 

bottom (1300 m a.s.l.) are highlighted with specified symbols. Significant linear relationships 847 

are indicated with a dashed line and the subsequent slope.  848 



Tables 849 

Table 1. Characteristics of the monitored trees and the applied model calibration procedure. 850 

For each individual the diameter at breast height (DBH), stem length (lstem), thickness of the 851 

bark (Tbark), phloem tissue (Tphloem) and sapwood (Tsapwood), and age are provided. Two 852 

calibration procedures were applied, including the 2015 weekly calibration using branch water 853 

potential (ψleaf) measurements (Cal. 2015) to constrain parameters, and the moving-window 854 

calibration over the entire growing season (Cal. MW). The tree labels match previously 855 

published work (see Peters et al., 2018; 2019). 856 

Elevation 
[m a.s.l.] 

Site 
code 

Species Tree DBH 
[cm] 

lstem 
[m] 

Tphloem 
[cm] 

Tbark 
[cm] 

Tsapwood 
 [cm] 

Age 
[yrs] 

Cal. 
2015 

Cal. 
MW 

1300 (dry) N13d 
Larix decidua 

N13Bd_L1 29.5 7.2 0.46 2.88 1.5 131 X X 

N13Bd_L2 32.0 10 0.36 2.23 1.8 128 X X 

Picea abies 
N13Ad_S1 30.7 2.8 0.48 0.68 2.5 90 X X 

N13Ad_S2 48.1 2.9 0.33 1.10 5.3 93 X X 

1300 (wet) N13w 

Larix decidua 

N13WAd_L1 78.0 8.2 0.80 4.35 2.2 148 X X 

N13WBd_L2 89.3 8.8 0.83 7.90 2.4 164 X X 

N13WBd_L3 52.0 5.6 0.37 4.90 2.4 134 X X 

Picea abies 

N13WAd_S1 81.0 3.1 0.66 2.60 9.1 85 X X 

N13WAd_S2 62.8 5.8 0.63 1.30 6.9 81 X X 

N13WBd_S3 80.7 4.4 0.71 1.75 9.0 109 X X 

1600 S16 
Larix decidua 

S16Bd_L1 75.2 15 0.40 7.05 3.5 371  X 

S16Ad_L1 38.5 13 0.39 2.75 2.6 69  X 

Picea abies 
S16Ad_S2 38.2 6.7 0.74 1.50 4.2 62  X 

S16Bd_S2 56.2 13 0.53 2.00 2 461  X 

1900 S19 
Larix decidua 

S19Ad_L1* 48.0 5.3 0.28 7.35 3.2 200   

S19Bd_L1 48.7 9.8 0.51 4.60 1.8 326  X 

Picea abies 
S19Ad_S2 34.1 8.8 0.62 1.25 1.7 137  X 

S19Bd_S2 47.5 5.5 0.29 1.45 5.5 229  X 

2200 S22 
Larix decidua 

S22Ad_L1 47.0 8.9 0.59 2.95 2.4 269 X X 

 S22Ad_L2 55.7 5.5 0.45 4.10 3.1 280 X X 

 *Not included in the simulations due to large number of data gaps. 
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Table 2. Symbol, unit, and description of the model parameters, monitoring data, algebraic 858 

variables and derived variables. Symbols highlighted with * were considered for the 859 

mechanistic model calibration.  860 

Type Symbol Unit Description 
Parameters ρw g m-3 Density of water. 
 lstem m Length of the stem. 
 𝐷𝐷stemi  m Initial diameter of the outer diameter of the stem segment (DBH). 
 ds m Initial thickness of the stem storage compartment. 
 𝑟𝑟hw m Radius of the non-conductive xylem (heartwood). 
 Cstorage* g MPa-1 Capacitance of the stem storage compartment. 
 Rx* MPa h g-1 Flow resistance in the stem compartment of the active xylem (sapwood). 
 Rs* MPa h g-1 Exchange resistance between the active xylem of the stem and the storage 

compartment (bark). 
 𝛱𝛱si* MPa Initial osmotic pressure of living tissue of the stem. 
 fwater Unitless Water fraction of the stem compartment. 
 kleaf Unitless Proportionality constant for calculating ψstem. 
 Ԑ0 m-1 Proportionality constant. 
 Ԑx MPa Elastic modulus of the xylem. 
 Φ MPa-1 h-1 Extensibility of cell walls in relation to non-reversible dimensional changes  

(radial wood growth). 
 Г MPa Threshold turgor pressure. 
 fgrowth Unitless Fraction of growth contributing  

to xylem formation. 
 𝜓𝜓soil

i  MPa Initial soil water potential. 
 ksoil Unitless Proportionality constant for calculating ψroots. 
 Tphloem cm Thickness of the visually distinguishable phloem (assumed to equal ds).  
 Tbark cm Overall thickness of the bark of the stem.  
 Tsapwood cm Thickness of the visually distinctive sapwood.  
 ∆𝐻𝐻Aǂ  kJ mol-1 Enthalpy of activation. 
 R J K−1 mol−1 Gas constant 
 A Unitless Scaling constant. 
 ∆𝐻𝐻D kJ mol-1 Denaturation of enzymes by enthalpy between the catalytically active and 

inactive states of the enzymes 
 ∆𝑆𝑆D kJ mol-1 °K-1 Denaturation of enzymes by entropy between the catalytically active and inactive 

states of the enzymes. 
Monitoring data Fcrown g h-1 Water flow from the stem xylem towards the crown compartment (obtained from 

Fd). 
Fd cm3 m-2 h-1 Measurement of sap flux density using thermal dissipation probes. 
Dstem m Over bark diameter (obtained from rstem). 

 rstem µm Dendrometer measurement of the stem radius.  
 rxyl µm Radius of the xylem (obtained from xylogensis observations).  
 Ѱleaf MPa Leaf water potential (measurements). 
 Ѱsoil MPa Soil water potential (measurements). 
 Rg W m-2 Global radiation. 
 RH % Relative air humidity. 
 Ta °C Air temperature.  
Algebraic 
variables 

fstem g h-1 Water exchange between the xylem and the storage compartment. 
Fstem g h-1 Water flow from the roots towards the stem xylem compartment. 
𝐷𝐷stemx  m Xylem diameter of the stem segment. 
Dstem m Outer diameter of the stem. 

εs MPa Bulk elastic modulus of living tissue in relation to reversible dimensional 
changes. 

Ѱroots MPa Root water potential. 
Ѱstorage MPa Water potential in the storage compartment. 
Ѱstem MPa Stem water potential. 

 D kPa Vapour pressure deficit.  
 F(T) Unitless Enzymetic reaction rate affecting Φ 
 gc g m-2 s-1 kPa-1 Crown conductance.  
Derived variables 𝑊𝑊stem

x  g Water content in the stem xylem compartment. 
𝑊𝑊stem

s  g Water content in the stem storage compartment. 
Ѱstem MPa Pressure component of the xylem water potential. 
𝜓𝜓sP MPa Pressure component of the water potential in the storage compartment. 
𝑉𝑉stemx  m3 Volume of the xylem stem tissue. 
𝑉𝑉stems  m3 Volume of the stem storage compartment. 
𝑉𝑉growths  m3 Growth volume for the entire stem. 
𝛱𝛱sP MPa Osmotic component of the water potential in the storage compartment. 
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Table 3. Statistic of stem diameter simulations (in mm; Dstem) against dendrometer 862 

measurements for the 2015 calibration. The overall mean of the slope of the linear relationships, 863 

goodness of fit (R2), the sum of squared errors (SSE) and sample size (n) are provided of all 7-864 

day period calibrations performed per tree. The mean is provided with the standard deviation 865 

in brackets. The tree labels match with labels presented in Table 1. 866 

Site Species Tree Slope R2 SSE n 

N13d Picea abies N13Ad_S1 0.98±0.11 0.69±0.15 0.30±0.17 169 

N13Ad_S2 0.96±0.05 0.95±0.07 0.14±0.12  

Larix decidua N13Bd_L1 1.02±0.22 0.73±0.14 0.45±0.32  

N13Bd_L2 0.99±0.09 0.81±0.10 0.33±0.31  

N13w Picea abies N13WAd_L1 1.05±0.11 0.88±0.08 0.06±0.03  

N13WBd_L2 0.99±0.05 0.81±0.18 0.35±0.54  

N13WBd_L3 1.01±0.08 0.85±0.09 0.31±0.34  

Larix decidua N13WAd_S1 0.99±0.08 0.92±0.11 0.14±0.16  

N13WAd_S2 1.00±0.05 0.95±0.04 0.14±0.13  

N13WBd_S3 1.03±0.06 0.90±0.11 0.35±0.32  

S22 Larix decidua S22Ad_L1 1.01±0.09 0.82±0.15 0.39±0.60  

S22Ad_L2 0.98±0.14 0.80±0.16 0.68±0.81  

Table 4. Statistics for the linear relationship between xylogenesis-derived daily xylem growth 867 

rate and simulated values for the 2012 and 2013 growing season. Linear-mixed effect models 868 

were used where the individual tree was incorporated as a random effect. Significant 869 

correlations are identified with *.  870 

Site 

 

Species 

 R2 

2012 

p n 

 

R2 

2013 

p n 

N13d Larix decidua 0.47* 6.04e-04 21 0.21* 4.11e-02 20 

Picea abies 0.57* 1.14e-03 20 0.14* 1.11e-02 20 

N13w Larix decidua 0.55* 7.90e-05 22 0.72* 2.20e-06 20 

Picea abies 0.70* 3.98e-07 22 0.82* 8.63e-09 24 

S16 Larix decidua 0.87* 7.28e-11 23 0.81* 1.15e-08 22 

Picea abies 0.54* 1.65e-04 21 0.57* 4.86e-05 22 

S19 Larix decidua 0.83* 2.39e-08 20 0.86* 5.68e-09 20 

Picea abies 0.34* 5.32e-03 21 0.46* 1.03e-03 20 

S22 Larix decidua 0.89* 1.68e-09 19 0.75* 1.98e-06 19 
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