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A B S T R A C T   

Tree-specific canopy conductance (Gc) and its adjustment play a critical role in mitigating excess water loss in 
changing environmental conditions. However, the change of Gc sensitivity to environmental conditions due to 
drought remains unclear for European tree species. Here we quantified the environmental operational space of 
Gc, i.e., the water supply (soil moisture, tree water deficit) and demand conditions (vapor pressure deficit) under 
which Gc ≥ 50% is possible (Gc50OS), at two sites with different soil water availability for three common Eu-
ropean tree species. We collected sap flow and dendrometer measurements for co-occurring Pinus sylvestris, Fagus 
sylvatica and Quercus petraea growing under different soil hydrological conditions (drier/wetter). These mea-
surements were combined with meteorological variables and soil moisture conditions in five depths. Den-
drometer measurements were used to confirm soil water availability patterns. For all analyses, the contrasting 
soil hydrology between sites was the main driver of Gc response. At the drier sites, F. sylvatica and P. sylvestris 
reduced their water consumption in response to decreasing soil water supply earlier in the growing season than 
Q. petraea. However, our analysis on the Gc50OS revealed that at the drier sites, F. sylvatica and Q. petraea reduced 
the extent of their Gc50OS to a higher degree than P. sylvestris. This indicates a higher level of Gc50OS adjustment 
to the drier site conditions for the two broadleaved species. These differences were more pronounced when using 
the dendrometer-derived tree internal water status as proxy for tree water supply. Our results provide pre-
liminary evidence for diverging short-term Gc responses when temperate trees are exposed to prolonged 
reduction in water availability. These findings suggest that Gc50OS can help to constrain species-specific pre-
dictions of water use by mature trees, especially when combined with high-resolution water potential 
measurements.   

1. Introduction 

Recent observations and climate projections show persistent in-
creases in vapor pressure deficit (D), soil drought, and extreme drought 
event frequency for temperate regions (Dai 2013; Grossiord et al., 2020; 
Balting et al., 2021; Satoh et al., 2022; Nagavciuc et al., 2023). These 
negatively impact forest ecosystems by reducing tree-internal water 

status and detrimentally altering leaf phenology, which can lead to 
declining stem growth and higher tree mortality rates (Babst et al., 2019; 
Arend et al., 2022; Li et al., 2022; Hammond et al., 2022; Salomón et al., 
2022; Wu et al., 2022). A commonly known strategy for trees to mitigate 
the adverse effects of drought is to reduce water loss through the leaves 
by stomatal closure (Damour et al., 2010; Buckley, 2019). The regula-
tion of stomatal closure and its impact on water conductance through 
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the tree canopy can be expressed as whole-tree canopy conductance (Gc; 
e.g., Pappas et al., 2018; Peters et al., 2019). Understanding the mech-
anisms driving Gc is crucial for explaining drought resistance of trees, 
but also for improving predictions on the global hydrological cycle 
(Schlesinger and Jasechko 2014; Mastrotheodoros et al., 2020). 
Furthermore, changes of Gc regulation as response to water scarcity 
could impact the trees’ water-use efficiency and thus have wide-ranging 
implications for the linkage between water and carbon cycle, produc-
tivity and species composition of forests (e.g., Mastrotheodoros et al., 
2017; Fatichi et al., 2022). Therefore, it is valuable to examine Gc and its 
response of mature trees to water supply and demand in relation to 
drought vulnerability (Martinez-Vilalta et al., 2019; Carminati and 
Javaux 2020; Flo et al., 2021; Joshi et al., 2022). 

Adjustment, including acclimation and modification, can be 
considered an adapted physiological response that allows trees to 
maintain homeostasis during long-term environmental change (e.g., 
Larcher 2003). This can lead to within species variability of physiolog-
ical climate responses when comparing, for example, wet and dry hab-
itats (Domec et al., 2009; Marchin et al., 2016). During periods of 
short-term increase in D, Gc shows a non-linear decrease towards full 
stomatal closure (Oren et al., 1999; Grossiord et al., 2020; Flo et al. 
2022). This response could, however, change to some extent due to 
adjustment to long-term drier conditions (e.g., Marchin et al., 2016). 
Observations on forest-level conductance from flux tower measurements 
revealed that forest sites in drier habitats indeed show a stronger sto-
matal down-regulation with increasing D when soil moisture is lower 
(Novick et al., 2016). However, when moving to the tree species-specific 
level, adjustment of stomatal regulation appears more complex (e.g., 
Mencuccini 2003; Beikircher and Mayr 2009; Marchin et al., 2016; 
Limousin et al., 2022), with some coniferous tree species showing lower 
Gc with increasing D under experimentally induced drier conditions 
(Grossiord et al., 2017), while species like Pinus sylvestris seemed to be 
less affected by changes in long-term water availability (Poyatos et al., 
2007; Schӧnbeck et al. 2022). For broadleaved tree species, a wide 
variability in water-use-climate responses was found, with ring-porous 
species such as Quercus petraea at persistently drier sites showing 
almost no change in stem sap flow dynamics to D (which are driven by 
Gc) compared to more diffuse-porous species like Fagus sylvatica (e.g., 
Bader et al., 2022; Fabiani et al., 2023). Comparing intraspecific vari-
ability in Gc-climate responses under persistently different site condi-
tions avoids the temporally limited scope of manipulation experiments 
(Tomasella et al., 2017, Grossiord et al., 2018) and thus may provide 
important insights into species adjustment to changed environments 
(Novick et al., 2016). However, other confounding factors besides 
drought, such as tree architecture (Mencuccini 2003) and soil properties 
(Hacke et al., 2000) could impact Gc response (i.e., a common challenge 
for this space-for-time approach; Pickett 1989).” 

Quantifying shifts in the down-regulation of Gc to drought due to 
adjustment poses several challenges. First, D and soil water availability 
(also expressed as relative extractable water, REW) simultaneously 
impact Gc sensitivity (Fu et al., 2022), where the response to both 
environmental drivers could change due to Gc adjustment. To avoid 
collinearity issues, analyses often isolate subjectively selected soil 
moisture classes and assess the response slope of the decrease in Gc due 
to increasing D in accordance with Eq. (1) (Oren et al., 1999; Novick 
et al., 2016; Bachofen et al., 2023): 

Gc = − m⋅ln(D) + b (1)  

where the parameter m quantifies the relative sensitivity of Gc to D, and 
b is the reference conductance at D = 1. Here, some studies focus on the 
adjustment of the slope (m or sensitivity parameter; e.g., Pappas et al., 
2018; Peters et al., 2019; Schӧnbeck et al. 2022), while other studies 
discuss changes in both parameters (e.g., Poyatos et al., 2007; Marchin 
et al., 2016; Flo et al., 2021), making interpretations of maximum Gc 
changes versus relative changes in a non-linear response slope to D 

difficult. As such, some studies instead focus on the environmental or 
physiological conditions (e.g., leaf water potential) at which 50% of 
maximum stomatal conductance is reached, as these provide simpler 
indicators for environmental constraints on stomatal operation (Klein 
2014; Anderegg et al., 2017). A second challenge is that soil water 
availability is heavily dependent upon general rooting depths and the 
observed potential to temporally lower root-water uptake depth during 
drought (Brinkmann et al., 2018a; Kahmen et al., 2021, 2022). More 
critically, soil moisture measurements at multiple soil depths are diffi-
cult to obtain (but see Walthert et al., 2021), and assessing the spatio-
temporal changes in soil water availability is complex (Brinkmann et al., 
2018a,b). Therefore, instead of measuring soil moisture, studies begin to 
utilize internal tree-water status, obtained directly from leaf water po-
tential measurements which however are more labor-intensive (Klein 
2014; Steppe 2018), or indirectly with automated stem dendrometer 
measurements (Dietrich et al., 2019; Salomón et al., 2022). A promising 
approach would thus be to explore the environmental conditions that 
constrain Gc operation, where a shift in those conditions, as consequence 
of persistent exposure to wetter or drier habitats (i.e., different soil water 
availability), indicates adjustment of Gc regulation. Accordingly, we 
defined the operational space of canopy conductance as the water sup-
ply (REW, tree water deficit) and demand (D) conditions under which Gc 
≥ 50% of its maximum is possible (Gc50OS). 

This work presents a case-study on the adjustment potential of 
Gc50OS of three mature tree species growing at two sites with contrasting 
soil water availability, i.e., wetter and drier, in a temperate forest. We 
collected and analyzed sap flow and dendrometer data from the same 
trees of the three main temperate forest species Pinus sylvestris, Fagus 
sylvatica, and Quercus petraea for the period from 2012 to 2019. For each 
species, we investigated trees growing at two neighboring sites charac-
terized by persistent differences in soil water availability (drier/wetter) 
for a study period long enough to provide observations covering similar 
environmental conditions (D, REW) in short-term variability between 
sites. Due to their spatial proximity (max. 50 m distance, Fig. 1), trees 
experienced similar D conditions while exposed to long-term differences 
in soil water availability (considered as drier and wetter habitats), due to 
well-drained sandy soils and topography at the study site. Soil moisture 
was measured from 10 to 70 cm depth. The patterns of soil water 
availability were related to pre-dawn minimum tree water deficit to 
confirm the responsiveness of the trees to soil water availability in 
particular measurements depths. As broadleaved tree species generally 
are known to have a more rapid and active stomatal control (Brodribb 
et al., 2017), we expect to find more adjustment to drier habitats of the 
Gc50OS expressed in a stronger down-regulation of Gc at the drier site for 
F. sylvatica and Q. petraea, while finding little adjustment for P. sylvestris 
(Schӧnbeck et al., 2022). 

2. Materials and methods 

2.1. Study site and monitoring design 

The study site is located in the Müritz National Park (53.33 ◦N, 13.19 
◦E) within the TERENO Observatory in the lowlands of northeastern 
Germany (TERENO-NE; Fig. 1a). Müritz National Park provides near- 
natural conditions representative for temperate lowland mixed forests 
(Heinrich et al., 2018). The glacially-formed landscape features a mosaic 
of lakes and terminal moraines, with elevations ranging from 63 m 
above sea level at lake level to 125 m a.s.l.. The resulting highly variable 
ground-water table depths and the high permeability of the sandy soils 
together create a diverse range of hydrological regimes over relatively 
small distances (see Heinrich et al., 2018 for a detailed site description). 
The climate is temperate with a mean annual temperature of 8.8 ◦C and 
relatively dry with annual precipitation of 591 mm over the period 
1981-2010 (DWD, 2023). 

A total of 22 mature trees were monitored from 2012 until 2019, 
covering Pinus sylvestris L., Fagus sylvatica L., and Quercus petraea Liebl.. 

D.N. Steger et al.                                                                                                                                                                                                                                



Agricultural and Forest Meteorology 345 (2024) 109850

3

At each site, only healthy dominant or co-dominant trees growing 
closely together were selected (see Siegmund et al., 2016) which 
resulted in an average replication of four individuals per species and site 
(Table 1). For each tree, sub-hourly sap flow and dendrometer mea-
surements were collected, with concurrent climate and soil moisture 
measurements at each site, to assess canopy conductance (Gc; see 
Table A.1 for used abbreviations and symbols) dynamics and the 
tree-internal water status. For each tree, multiple allometric character-
istics were determined (Table 1), including diameter at breast height 
(dstem), tree height (htree) and crown height (hc; using a Vertex IV, 
Haglöf, Sweden), sapwood thickness (tsw; visually detected from the 
collected tree cores), maximum bark (tba; measured at the four cardinal 
directions, including phloem and cork), and phloem thickness (tphl; 
measured from the tree cores). For each species, trees were selected 
which were exposed to either drier or wetter soil water availability 
conditions, while standing close enough together to experience similar 
atmospheric conditions. The first set of species-specific monitoring sites 
is located close to lake Hinnensee (Fig. 1b; hence referred to as lakeside 
site). The second group of monitoring sites is located along a moraine 
saddle and slope (Fig. 1b; hence referred to as uphill site). Indeed, the 
two contrasting sites showed almost identical vapor pressure deficit 
conditions (D; Fig. 1c), while the lakeside sites experienced wetter soil 
moisture conditions compared to the uphill site, due to their proximity 
to a shallow groundwater table (Fig. 1d). 

2.2. Environmental measurements 

At each monitoring site, atmospheric and soil moisture conditions 
have been monitored since 2014. Air temperature (Ta in ◦C), relative 
humidity (RH in%), and volumetric soil moisture (θ in vol.%) were 
continuously recorded at a 10-minute interval using a Campbell Scien-
tific CR1000 data logger (Campbell Scientific Inc., Logan, USA). Ta and 
RH were measured in 2 m above ground and recorded using Campbell 
Scientific CS215 sensors. D (in kPa) was calculated from Ta and RH by 
using the R package plantecophys (Duursma, 2015). These measurements 
were complemented with hourly radiation data (in W m− 2) and pre-
cipitation measurements (in mm), as well as Ta and RH data from 2012 
to 2014, measured by a nearby climate station (Messstation Serrahn; < 5 
km distance). θ was measured with Truebner SMT100 sensors (Truebner 
GmbH, Neustadt, Germany), where at each individual tree monitoring 
site these sensors were installed at 10, 20, 30, 50, and 70 cm depth with 
a minimal replication of three sensors per depth. To present a normal-
ized and comparable measure of plant-available soil water between 
uphill and lakeside sites, we calculated the relative extractable water 
(REW) from θ at each tree monitoring site, and depth combination ac-
cording to Eq. (2). Here, θmax is the 95th percentile of θ and θmin is the 
absolute minimum for each sensor. 

REW =
θ − θmin

θmax − θmin
(2)  

θmax and θmin of all sensors were in the range of values for field capacity 
and permanent wilting point reported by Saxton & Rawls (2006) and for 
values derived from pedotransfer functions for sandy forest soils (e.g., 
Teepe et al., 2003). To represent the soil water status (soil water 
availability), we calculated the mean REW over all measured depths for 
all subsequent analyses. All environmental measurements were aver-
aged to hourly values, as this was the minimum temporal resolution of 
the nearby climate station. 

2.3. Sap flow monitoring and canopy conductance calculation 

Each monitored tree was instrumented with Granier type sap flow 
sensors (Granier, 1987), installed at 1.3 m height on the tree stem. The 
sensors consisted of two standard thermal dissipation probes and two 
reference probes, with the latter being used to correct for natural ther-
mal drift in the stem temperature (SF-L sensors, Ecomatik, Munich, 
Germany). Each probe contains a thermocouple that measures sapwood 
temperature along a 20 mm long needle, installed according to the 
manufacturer’s specifications. For trees with sapwood depth < 20 mm, a 
Clearwater correction (Clearwater et al., 1999) was applied to account 
for probe sections that were installed in non-conducting heartwood 
(Table 1, OUP1). Temperature differences between the probes (ΔT) were 
measured at a 30-minute interval and stored on a CR800 data logger 
(Campbell Scientific Inc., Logan, USA). The ΔT measurements obtained 
from sap flow sensors were inspected and outliers were removed using 
the R package datacleanr (Hurley et al., 2022). The cleaned ΔT mea-
surements were converted to sap flux density (Fd; kg m− 2 s− 1) using the 
TREX R package (Peters et al., 2021), while applying i) the 
double-regression method to establish zero-flow conditions (using a 
5-day period), ii) sapwood corrections (using tsw of QP_UP1 in Table 1), 
and iii) species- (F. sylvatica) or wood-specific (P. sylvestris = Coniferous, 
and Q. petraea = Ring-porous) calibrations (as calibration studies were 
not present for all species). During the study period, several sap flow 
sensors were re-installed at different sides of the trees. However, to ac-
count for dampening effects in the sap flow measurements (Peters et al., 
2018) and to make the sap flow measurements comparable among trees 
and sensors, Fd values were rescaled for each individual tree and year to 
the 95th percentile that was reached in 2012 – the vegetation period 
after the first installation of all sensors (assuming a tree reaches 
maximum transpiration rates in each year; see Peters et al., 2018). 

Fig. 1. Study site and environmental conditions. a) The location of the 
TERENO–NE Hinnensee monitoring site, with a sketch of the experimental 
design of the study site and b) arrangement of individual tree monitoring sites, 
namely uphill and lakeside. The lines are elevation contours. c) Mean time- 
series (n = 6) of vapor pressure deficit (D), and d) soil moisture (θ, averaged 
across 10–70 cm depth) dynamics at the two sites, highlighting the consistently 
drier soil conditions at the uphill site for the period 2014–2019. 
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Whole-tree canopy conductance (Gc in mol m− 2 s− 1) was calculated 
per unit sapwood area, as there were no accurate estimations available 
of the total leaf area per tree. Gc was calculated according to Flo et al. 
(2021; see Eq. (3)). We transformed the data to solar time and used the 
mean midday values (3 h before and after solar noon) for Gc calculation 
to reduce the impact of stem capacitance and delayed flow dynamics 
(see Pappas et al., 2018; Peters et al., 2019). Midday Fd, D, and Ta were 
used, in combination T0 which is 273 K and h (m a.s.l.) which is the 
elevation of the site. Finally, ƞ was used which is a constant equal to 
44.6 mol m− 3 and results from unit transformation on the approach by 
Phillips and Oren (1998) to calculate Gc (Flo et al., 2021). Midday mean 
Gc values were removed where D < 0.5 kPa and daily precipitation >
0.5 mm d− 1. Moreover, we excluded days with midday values of global 
irradiance < 400 W m− 2h− 1 and Ta < 12◦C to isolate optimal transpi-
ration conditions (see Peters et al., 2019). 

Gc =
(115.8 + 0.4236Ta)Fd

D
⋅n⋅

T0

(T0 + Ta)
⋅e− 0.00012⋅h (3)  

2.4. Dendrometer measurements and processing 

For each monitored tree, stem radius variations (Δrstem in µm) were 
recorded using high-resolution point dendrometers (DR Radius Den-
drometer, Ecomatik, Munich, Germany). The dendrometers were 
installed at the same height and opposite to the sap flow sensors and 
recorded Δrstem with a 30-minute resolution. Δrstem was processed to 
partition growth (i.e., irreversible radius increments) and water-related 
components (i.e., reversible stem shrinkage and expansion) using the 
treenetproc R package (Knüsel et al., 2021). This partitioning is per-
formed according to the commonly used zero-growth concept (Zweifel 
et al., 2016), where radius variations below the preceding maximum 
stem radius are considered as periods of tree water deficit (TWD in µm; i. 
e., a more severe stem shrinkage results in higher TWD; see Fig. 2) - a 
proxy for the internal water status of the tree (Dietrich et al., 2018; 
Salomón et al., 2022). TWD can be described as a measure of water loss 

from non-conducting stem tissue that occurs when transpiration exceeds 
root water uptake causing stems to shrink proportionally to the dehy-
dration of elastic storage tissue (Dietrich et al., 2018). 

During midday, TWD increases due to the transpiration of the tree, 
while during the night, TWD decreases and is mainly dependent upon 
the potential of the tree to rehydrate (e.g., Steppe et al., 2006; Peters 
et al., 2023). In most cases, daily minimum TWD is reached just before 
sunrise, and as such, represents the pre-dawn TWD conditions (Salomón 
et al., 2022). However, to isolate the rehydration status of the tree stem, 
we quantified minimum TWD only for pre-dawn conditions (abs. TWDpd. 

min). As abs. TWDpd.min is affected by both the elasticity of the bark tissue 
and size of the tree, we normalized abs. TWDpd.min by dividing by the 
tree-specific maximum daily shrinkage of the entire time series (MDS; 
calculated as the 99th percentile of absolute daily shrinkage values 
across the monitoring period; Knüsel et al., 2021) to account for dif-
ferences in absolute shrinkage potentials between trees (TWDpd.min, 
resulting unit = µm µm− 1; see Fig. 2). Here it is assumed, that this 
diurnal radial shrinkage of the bark reflects the tree-specific differences 
in storage tissue flexibility and size. TWD values were constrained to the 
months June to September, representing the period with generally 
highest atmospheric demand and lowest soil water supply as well as 
least phenological variation. Moreover, this selection avoids winter-time 
shrinkage and phloem collapse patterns. As soil moisture measurements 
began in 2014, all subsequent response analyses reflect the period be-
tween June to September from 2014 to 2019. 

2.5. Analyses of the operational space of canopy conductance 

We define the operational space of canopy conductance in general 
(GcOS) as a two-dimensional Gc response area shaped by water demand 
(D) and water supply, where water supply can be approached by soil 
water availability (REW) or by the internal water status of a tree 
(TWDpd.min; if there are no leaf water potential measurements avail-
able). Thus, the GcOS presents the range of environmental conditions at 
which canopy conductance in general is possible. To assess GcOS, we 

Table 1 
Characteristics of trees instrumented for continuous monitoring. For each tree growing at a specific site, diameter at breast height (dstem), tree height (htree), crown 
height (hc), sapwood thickness (tsw), maximum bark thickness (tba), and phloem thickness (tphl) were measured. Tree codes: PS = Pinus sylvestris, FS = Fagus sylvatica, 
QP = Quercus petraea, UP = uphill, LA = lakeside.  

site species tree dstem htree hc tsw tba tphl    

[cm] [m] [m] [cm] [cm] [mm] 

uphill Pinus sylvestris PS_UP1 51.9 26.5 9.6 8.8 3.0 4.0  
PS_UP2 52.1 23.2 7.4 6.6 3.3 1.5  
PS_UP3 59.3 27.4 10.0 8.1 3.5 1.0  
PS_UP4 60.2 24.0 7.7 6.6 4.8 2.0   
mean 55.9 25.3 8.7 7.5 3.6 2.1  

Fagus sylvatica FS_UP1 40.1 18.5 14.0 9.8 0.9 6.0  
FS_UP2 40.1 17.9 9.4 8.4 1.1 7.0  
FS_UP3 33.1 17.9 10.0 6.8 0.9 5.0   
FS_UP4 36.6 17.4 8.3 7.9 1.0 6.0   
mean 37.5 17.9 10.4 8.2 0.9 6.0  

Quercus petraea QP_UP1 65.9 29.4 13.2 2.0 1.8 4.0  
QP_UP2 68.1 31.8 9.8 1.4 2.6 5.0  
QP_UP3 71.4 36.3 14.3 2.1 2.4 4.0   
QP_UP4 89.6 35.1 14.6 4.4 3.3 6.0   
mean 73.8 33.2 13.0 2.5 2.5 4.8 

lakeside Pinus sylvestris PS_LA1 63.6 31.8 8.2 7.5 3.9 1.0 
PS_LA2 50.9 26.5 5.4 6.5 4.1 1.5  
PS_LA3 48.1 22.5 3.9 4.8 3.4 1.0  
PS_LA4 64.3 32.7 8.4 7.0 3.7 2.0   
mean 56.7 28.4 6.5 6.5 3.8 1.4  

Fagus sylvatica FS_LA1 42.2 25.6 12.7 13.7 1.0 5.0  
FS_LA2 67.2 21.8 16.1 17.0 1.4 6.0  
FS_LA3 51.0 25.9 14.5 10.6 1.1 6.0   
FS_LA4 56.8 34.0 19.6 17.6 1.0 5.0   
mean 54.3 26.8 15.7 14.7 1.1 5.5  

Quercus petraea QP_LA1 105.6 34.0 29.5 2.8 2.7 9.0  
QP_LA2 67.9 33.9 27.5 2.4 3.5 6.0  
mean 86.8 33.9 28.5 2.6 3.1 7.5  
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established inter- and intraspecific comparability by normalizing Gc 
values for each monitored tree by division with their 99th percentiles 
(Gc.norm). As Gc was calculated per sapwood area, Gc.norm provides a 

unitless representation of the Gc regulation per sapwood area thus 
reducing the influence of tree architecture. We applied mixed effect 
models to derive Gc.norm responses to D and REW (Gc.norm-d-REW) as well 

Fig. 2. Graphical depiction of dendrometer data and derivations of growth, tree water deficit (TWD), maximum daily shrinkage (MDS), and absolute pre-dawn 
minimum tree water deficit (abs. TWDpd.min) as proxy for the stem water status of a tree. a) Time-series of the dendrometer against day of year (doy) for PS_UP1 
(see Table 1), covering June to September 2018. b) A 10-day window of the dendrometer series presented in a). Until doy 194, the tree grew and afterwards the tree 
was not able to rehydrate fully during the night, which is illustrated by negative stem radius variations (increasing TWD; orange area). The maximum daily shrinkage 
(MDS = 99th percentile of absolute daily shrinkage) recorded for the tree is highlighted with a red line. Starting from doy 200, this tree showed TWDpd.min values 
above 1, as it exceeded the MDS (dotted line). 

Table 2 
Overview of models with model structures with Gc.norm = normalized midday canopy conductance per unit sapwood area, TWDpd.min = pre-dawn minimum tree water 
deficit standardized by the maximum daily shrinkage, D = vapor pressure deficit, REW = relative extractable water, int = modelled intercepts, a and b = modelled 
slope parameters, RSE = relative standard error as ratio of the standard error to the corresponding model parameter, and Gc50OS/GcOS = ratio of operational space of 
canopy conductance (GcOS) at Gc ≥ 50% (Gc50OS) to the GcOS with common environmental conditions.  

model structure site species int RSEint pint a RSEa pa b RSEb pb Gc50OS
GcOS      

[0–1]   [0–1]   [0–1]  [0–1] 

Gc.norm–D-REW ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gc.norm

√
=

a
√D

+ b*log 

(REW) 

uphill P. sylvestris 0.44 0.08 <0.001 0.57 0.04 <0.001 0.52 0.02 <0.001 0.38    

F. sylvatica 0.51 0.06 <0.001 0.47 0.04 <0.001 0.44 0.02 <0.001 0.39  
random effects  Q. petraea 0.11 0.34 0.006 0.66 0.04 <0.001 0.18 0.05 <0.001 0.27  
individual trees: lakeside P. sylvestris 0.26 0.09 <0.001 0.59 0.02 <0.001 0.25 0.03 <0.001 0.35  
random intercepts  F. sylvatica 0.38 0.11 <0.001 0.42 0.06 <0.001 0.11 0.15 <0.001 0.44    

Q. petraea 0.11 0.28 0.001 0.58 0.04 <0.001 − 0.03 0.41 0.017 0.37 
Gc.norm–D- 

TWDpd.min 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gc.norm

√
=

a
√D

+ b* 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TWDpd.min

√

uphill P. sylvestris 0.50 0.09 <0.001 0.47 0.05 <0.001 − 0.44 0.03 <0.001 0.42    

F. sylvatica 0.51 0.09 <0.001 0.36 0.07 <0.001 − 0.51 0.03 <0.001 0.12  
random effects  Q. petraea 0.13 0.40 0.020 0.61 0.06 <0.001 − 0.22 0.08 <0.001 0.18  
individual trees: lakeside P. sylvestris 0.21 0.20 0.001 0.58 0.03 <0.001 − 0.17 0.06 <0.001 0.33  
random intercepts  F. sylvatica 0.39 0.14 <0.001 0.38 0.07 <0.001 − 0.15 0.29 0.001 0.30    

Q. petraea 0.16 0.22 <0.001 0.55 0.05 <0.001 0.00 3.03 0.742 0.37  
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as to D and TWDpd.min (Gc.norm-d-TWDpd.min). For each model, individual 
trees were treated as random effects (slopes and intercept), which pro-
vided us with four candidate models (no random effects, slope and 
intercept, slope only, intercept only). We used the Akaike information 
criterion (AIC) to select the final model (see Table 2 for model structures 
and parameters). In all cases, the best fitting model included the random 
effects of individual trees on the intercept, but no random effect on the 
explanatory variables, i.e., no random slopes (Table 2). We examined all 
assumptions for each model fit, including normality, heteroscedasticity, 
and independence, and applied variable transformations where neces-
sary (Zuur et al., 2010). 

To assess whether species adjust their GcOS, we derived GcOS with ≥
50% of maximum Gc activity (Gc50OS) within a set of common envi-
ronmental conditions (D, REW, and TWDpd.min values that were 
observed at all individual tree monitoring sites). The common envi-
ronmental space allows for intra- and interspecific comparability. As 
adjustment can result in both Gc-environment response slopes as well as 
the magnitude of canopy conductance (Marchin et al., 2016) we address 
both parameters as follows: we refer to the steepness of the Gc.norm 
response slopes to changes in a certain parameter as sensitivity, while 
we use the term down-regulation as a measure of inter- or intraspecific 
“absolute” difference between Gc.norm values when comparing model 
responses and Gc50OS extents. For example, down-regulation was 
defined as the%-reduction of Gc50OS when comparing the uphill and 
lakeside sites with common conditions compared to%-reduction with 
dry soils (REW ≤ 0.2; Fig. 4). The final shapes of the Gc50OS were 
defined by i) the common environmental conditions (outer borders of 
grey area in Figs. 4a and 5), and ii) by the slope of the respective 
response model (shape of Gc50OS inside common conditions area). We 
quantified the extent of the response areas as bin count to establish 
comparability between Gc50OS (bin size = 0.002, i.e., model prediction 
for all possible combinations of D with REW or with TWDpd.min in steps 
of 0.002; see Table 2 and Table A.3 for absolute bin counts). Ratios 
describing the ratio of Gc50OS to the common GcOS can be found in 
Table 2. All models, p-value determination, and model slope fixed effect 
tests for significant differences (see SI for fixed effect test description, 

Table A.4) were calculated using the lmerTest R package (Kuznetsova 
et al., 2017). Marginal mean significances between responses were 
calculated with the emmeans R package (Lenth 2023). A p-value ≤ 0.05 
was considered statistically significant for all analyses. All model ana-
lyses were performed in R Studio (R Studio Team, 2020) using the R 
software version 3.6 (R Core Team, 2019). 

3. Results 

3.1. Species-specific sap flux density dynamics 

Comparison of sap flux density (Fd) variability between uphill and 
lakeside sites revealed differences in water consumption per unit 
sapwood area, i.e., Fd (see Appendix, Fig. A.1 for time series of Fd per 
species). Overall, maximum hourly and daily Fd values were highest for 
F. sylvatica followed by Q. petraea, and lowest for P. sylvestris at both 
uphill and lakeside (Table A.2). Almost the same pattern was found for 
mean hourly and daily Fd, while lakeside Q. petraea showed lowest 
values. In general, highest Fd values, especially maximum Fd, were found 
for F. sylvatica, followed by Q. petraea, and P. sylvestris. 

Seasonal dynamics of the mean normalized sap flux density per unit 
sapwood area (Fd.norm) revealed site-specific temporal patterns on water 
consumption (Fig. 3). Water consumption (Fd.norm) at the uphill sites was 
highest in May (P. sylvestris, Fd.norm = 0.83) and June (F. sylvatica = 0.86; 
Q. petraea = 0.77) and decreased during the summer months for all 
species. At the wetter lakeside, the water consumption of all species 
stayed higher and more stable during the study period while gradually 
decreasing for P. sylvestris and F. sylvatica (Fig. 3). While at the beginning 
of the study period (June) Fd.norm uphill and lakeside were similar per 
species (< 5% difference), in September, Fd.norm at the uphill sites was 
lower by 22.5% for F. sylvatica, by 20.9% for P. sylvestris, and by 17.2% 
for Q. petraea. 

3.2. Canopy conductance response to environmental drivers 

The Gc-d-REW analysis revealed site-specific differences in Gc.norm 

Fig. 3. Seasonal dynamics of the normalized midday sap flux density per sapwood area (Fd.norm) for each species illustrated as mean values per day of year (doy) over 
the period 2014 – 2019. 
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response slopes (sensitivity) towards changes in soil water supply (REW) 
where all species showed steeper Gc.norm response slopes to decreasing 
REW at the drier uphill site with significant differences between sites 
and species. In contrast, there was no significant influence of the site to 
the species-specific Gc.norm response to D (see Table A.4 for significances 
in slope differences and Fig. A.2 for a three-dimensional depiction of the 
Gc-d-REW analysis). Q. petraea displayed the steepest Gc.norm response 
slope to D at the uphill site (a = 0.66) while at the lakeside, Q. petraea (a 
= 0.58) and P. sylvestris (a = 0.59) showed an equally steep Gc.norm 
response to D (Table 2). P. sylvestris was most sensitive in its Gc.norm 
response to REW (b = 0.52 [uphill]; b = 0.25 [lakeside]) compared to 
the other species (Table 2). 

3.3. Operational space of canopy conductance 

Regarding the operational space of canopy conductance with Gc ≥

50% (Gc50OS, common conditions: REW = [0, 0.7]; D = [0.5, 2.2] kPa), 
F. sylvatica showed higher Gc in a wider environmental space (defined by 
D and REW) than the other species, illustrated by the Gc50OS being 
larger in Fig. 4a (Gc50OS/GcOS common = 0.39 uphill and 0.44 at 
lakeside). P. sylvestris showed the smallest differences in Gc50OS extents 

between sites with a 7.7% larger Gc50OS at the drier uphill site. 
F. sylvatica and Q. petraea showed smaller Gc50OS at the uphill sites 
(F. sylvatica = − 12.1%, Q. petraea = − 26.6%; see Table A.3 for absolute 
extents of GcOS and Gc50OS). When comparing down-regulation of 
Gc50OS with situations of REW ≤ 0.2 (very dry soils, vertical line in 
Fig. 4a), F. sylvatica and Q. petraea showed a 15.8% reduction of the 
Gc50OS compared to P. sylvestris with 8.9% indicating a higher level of 
Gc50OS adjustment to drier conditions for F. sylvatica and Q. petraea. All 
p-values for slopes and intercepts were significant with p ≤ 0.02 and 
relative standard errors were ≤ 0.2 (Table 2) indicating distinct Gc.norm 
model responses to both REW and D. The absolute differences between 
the Gc.norm response slopes to changes in D in situations with REW = 0.2 
(Gc-DREW20, Fig. 4b; see Table A.5 for marginal means) were not sig-
nificant. For very dry (REW = 0.1) and very wet soils (REW = 0.6) all 
absolute Gc-D differences were significant except for Q. petraea at wet 
soils. 

3.4. Canopy conductance response to vapor pressure deficit and tree 
water deficit 

The Gc.nom-d-TWDpd.min analysis provided additional information of 

Fig. 4. Graphical depiction of Gc.norm-d-REW model results. a) operational space of canopy conductance (GcOS) represented by the species-specific response area of 
canopy conductance (Gc.norm) to atmospheric evaporative demand (D) and relative extractable water (REW) with grey area: GcOS for common environmental 
conditions (D and REW); colored areas: GcOS with Gc.norm ≥ 50% of its maximum (Gc50OS); dots: original data points where Gc.norm ≥ 50% of its maximum; line: line of 
relatively dry soil with 20% relative extractable water (REW20). The borders of the Gc50OS that coincide with the grey area are defined by the common environmental 
conditions; the borders within the grey area are shaped by the modelled Gc.norm-d-REW response slope; b) shows a response of Gc.norm to D along the REW20 line 
illustrated in panel a) (Gc-DREW20). The colors indicate the site and the color-filled lines represent the part of the response with Gc.norm ≥ 50% as illustrated in panel a) 
(Gc50-DREW20). 

D.N. Steger et al.                                                                                                                                                                                                                                



Agricultural and Forest Meteorology 345 (2024) 109850

8

Gc regulation towards water demand and supply particularly for 
F. sylvatica. The patterns of Gc.norm sensitivity to D were similar to the Gc. 

nom-d-REW analysis for all species. Gc.nom response slopes to TWDpd.min 
were steepest for F. sylvatica at the uphill site, whereas at lakeside its 
response was equally sensitive to that of P. sylvestris (Table 2). All species 
showed significant intraspecific differences in their Gc.norm response 
slopes to D and TWDpd.min. 

Within common conditions of atmospheric demand (D = [0.5, 2.2] 
kPa) and stem shrinkage (TWDpd.min = [0, 0.7] µm µm− 1), Gc50OS was 
largest for P. sylvestris (Gc50OS/GcOS = 0.42) at the uphill site and at the 
lakeside it was largest for Q. petraea (Gc50OS/GcOS = 0.37) while it was 
lowest for F. sylvatica at both sites (Table 2). The patterns of Gc50OS 
variability between sites were comparable to the Gc-d-REW analysis 
(Fig. 5). However, the differences were pronounced for Gc.nom-d-TWDpd. 

min where P. sylvestris showed a higher Gc50OS by 26.2% at the uphill site 
while F. sylvatica showed a reduction in Gc50OS by 59.8% and Q. petraea 
by 53.0% (Fig. 5). Except for Q. petraea, which showed a non-significant 
Gc.norm response to TWDpd.min, all p-values for slopes and intercepts were 
significant with p ≤ 0.001 (Table 2). 

4. Discussion 

We found differing extents of the environmental space at which 
>50% of canopy conductance (Gc) is sustained, which we refer to as the 
operational space of canopy conductance (Gc50OS). We can clearly relate 
this extent to the contrasting soil water availability across sites which 
the studied tree species were exposed to. Our results show that mature 
P. sylvestris, F. sylvatica and Q. petraea down-regulate Gc more to 
increasing D and show higher Gc sensitivity to decreasing water avail-
ability when comparing the drier with the wetter site. Although this is 
consistent with general findings on the forest-stand level (e.g., Novick 
et al., 2016, Bachofen et al., 2023), our case-study shows that the Gc50OS 

appears to adjust differently between P. sylvestris, F. sylvatica and Q. 
petraea. Although longer-term drier conditions are likely to increase 
periods of stomatal closure, we find that the impact of reduced water 
availability on forest transpiration might be highly dependent upon the 
future species composition and the range of environmental variability. 
Yet, to fully confirm these findings we would require high-resolution 
and long-term measurements of leaf water potential as an additional 
and more direct indicator of the tree water status (Steppe 2018; Peters 
et al., 2023). 

4.1. Higher adjustment of canopy conductance for Fagus sylvatica and 
Quercus petraea 

F. sylvatica and Q. petraea showed larger shifts in the operational 
space of canopy conductance when comparing wetter with drier habitats 
at the study site, with uphill Gc50OS (drier habitat) for F. sylvatica being 
smaller by 46.8% and for Q. petraea by 48.2% compared to the lakeside 
Gc50OS (wetter habitat) when considering REW ≤ 0.3 (Fig. 4). The 
smaller difference in Gc50OS extents for P. sylvestris compared to F. syl-
vatica and Q. petraea (Fig. 4a) matches well with multiple studies which 
found little adjustment for P. sylvestris in its stomatal response to D with 
decreasing soil water availability (e.g., Poyatos et al., 2007; Schӧnbeck 
et al., 2022). However, while Bader et al. (2022) did not report signif-
icant changes for Q. petraea in its Gc response to D with lower soil water 
availability in wetter or drier habitats, our results did show an adjust-
ment of the Gc50OS (Fig. 4a). This discrepancy could be explained by soil 
properties, as the soils studied by Bader et al. (2022) were not as well 
drained as the sandy soils at our study site and sandy soils are suspected 
to generally increase Gc-D sensitivity (Cai et al., 2022). Moreover, 
Fabiani et al. (2023) found significant differences in water-use of 
F. sylvatica growing on a hilltop (drier) and at footslope (wetter) indi-
cating adjustment in water-use driven by soil water availability. In 

Fig. 5. Graphical depiction of operational space of canopy conductance (GcOS) with grey area = GcOS for common atmospheric and tree water status conditions 
(vapor pressure deficit D and minimum pre-dawn tree water deficit TWDpd.min); colored areas: GcOS with Gc.norm ≥ 50% of its maximum (Gc50OS); dots: original data 
points where Gc.norm ≥ 50%. The borders of the Gc50OS that coincide with the grey area are defined by the common environmental conditions (D and TWDpd.min) 
which were chosen for intra- and interspecific comparability reasons as well as the comparability with the Gc.norm-d-REW findings illustrated in Figure 4a; the borders 
within the grey area are shaped by the modelled Gc.norm-d-TWDpd.min response slope. 
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addition, Denham et al. (2020) found decreasing soil moisture to be 
driving Gc-D sensitivity for oak species in the USA. Our finding on the 
adjustment potential of Q. petraea also seems to match better with the 
relatively high variability in the leaf water potentials at which 50% of 
stomatal conductance is reached for ring-porous species (Klein 2014). 
However, at the southernmost distribution limit of F. sylvatica and 
Q. petraea, F. sylvatica appeared to be slightly more sensitive to 
increasing D (Aranda et al., 2000), which for our study is only the case 
when the REW is extremely low (REW ≤ 0.1 in Fig. 4a; in contrast to 
Bader et al., 2022). These results illustrate that we cannot with certainty 
state whether either F. sylvatica or Q. petraea is more capable of adjusting 
their Gc50OS to drier habitats, as Gc adjustment seems to strongly depend 
on the range of soil moisture levels which the trees have experienced and 
how this subsequently affects the internal water status of the individual 
tree. 

The adjustment of the Gc-environment response to drier habitats and 
conditions can involve physiological, anatomical, or morphological 
changes in trees to improve performance or survival (Larcher 2003; 
Demmig-Adams et al., 2008). One possible reason for the interspecific 
difference in Gc50OS adjustment can be found in the evolution of sto-
matal regulation: while species such as F. sylvatica and Q. petraea 
developed a more rapid abscisic acid (ABA) pathway which allows for 
active stomatal regulation, conifers such as P. sylvestris rely on passive 
processes (Brodribb et al., 2017). Higher active stomatal regulation of 
Q. petraea and F. sylvatica compared to P. sylvestris is also suggested by 
the finding that broadleaved species in general can change stomatal 
regulation to CO2 more than conifers (Klein and Ramon 2019). Wood 
anatomical reasons for the higher adjustment of Q. petraea and 
F. sylvatica include the higher potential to adjust the hydraulic con-
ductivity of the sapwood of ring-porous and diffuse-porous wood 
structures compared to tracheid-bearing P. sylvestris (Zimmermann and 
Tyree 2002; Steppe and Lemeur, 2007; Zimmermann et al., 2021). 
Morphological traits regarding adjustment include the balance between 
root distribution versus total leaf area, which impacts soil water uptake 
depth and subsequently stomatal control (Carminati and Javaux 2020; 
Kahmen et al. 2022) which might be one more explanation for the 
observed difference in Gc50OS adjustment. 

4.2. Adjustment to vapor pressure deficit at the drier site 

Large emphasis has been put on understanding stomatal or Gc 
response and its adjustment potential to D during droughts (e.g., 
Marchin et al., 2016; Grossiord et al., 2017, 2020; Flo et al., 2021, 2022; 
Martín-Gómez et al., 2023). However, when a tree is exposed to a dry 
habitat (i.e., with more frequent occurrences of low REW), it stands to 
reason that when the drought is absent, the tree takes full advantage of 
the improved water availability due the limited assimilation potential 
across the growing season (McDowell et al., 2008; as found for tem-
perature adjustment; Marchin et al., 2016; Peters et al., 2019; Fabiani 
et al., 2023). This expected shift to a water-spending water-use strategy 
at the drier habitats when REW is not low (i.e., REW > 0.3 in Fig. 4a) is 
hinted at by our case-study, where Gc50OS is larger at higher REW for 
uphill (drier habitat) F. sylvatica (+12%) and P. sylvestris (+21.4%; 
Fig. 4a) compared to the lakeside trees (wetter habitat). Although we 
need to consider that various traits influence the importance of this 
relative Gc adjustment for the individual (e.g., total leaf area, 
sapwood-to-leaf area; Mencuccini et al., 2019), higher Gc.norm in 
response to D during wet periods could potentially offset some of the 
drought-induced assimilation losses for P. sylvestris and F. sylvatica 
(Fig. 4). This can be supported by the significant differences in marginal 
means of the Gc-D responses with high REW (0.6) for the two species 
(Table A.4) as well as their gradual reduction of water consumption at 
the uphill sites during the study period (Fig. 3; see also Fabiani et al., 
2023). These findings raise the question why the lakeside trees 
down-regulated Gc and Gc50OS more strictly to increasing D and thus 
reduced relative assimilation rates in situations with higher REW 

(Fig. 4a). 
The reduced Gc down-regulation with increasing D and wetter soils 

(REW > 0.3) at the drier uphill site disappeared for F. sylvatica when 
considering tree water deficit as water supply for the determination of 
Gc50OS, while P. sylvestris still showed a similar increase in Gc50OS with 
equivalently little stem shrinkage (expressed as TWDpd.min; Fig. 5). 
Using stem shrinkage instead of REW has the advantage of approaching 
the drought stress of a tree closer than by using soil moisture (Dietrich 
et al., 2018; Salomón et al., 2022). Moreover, using TWDpd.min as proxy 
for tree water supply provides an additional insight into the potential 
shifts that could have made the Gc50OS response of F. sylvatica and 
P. sylvestris possible at wetter conditions (Fig. 4a). For F. sylvatica the 
increased Gc50OS adjustment during wetter conditions (REW > 0.3), but 
not with similar shrinkage (Fig. 5), could be explained by the ability of 
the uphill trees to shift their root water uptake depth more than the trees 
at the lakeside as the higher water table might prevent the lakeside trees 
from rooting deeper (Brinkmann et al., 2018a). This can be supported by 
Fabiani et al. (2023) reporting a lighter xylem water isotopic composi-
tion of F. sylvatica growing on a footslope (wetter) indicating less use of 
seasonal water sources due to closer connectivity to groundwater sour-
ces compared to hilltop trees (drier). F. sylvatica and Q. petraea could 
also benefit more from hydraulic lift than P. sylvestris (as discussed by 
Bader et al., 2022), as their vessels allow for greater hydraulic conduc-
tivity than tracheids (Tyree and Zimmermann 2002; Aranda et al., 
2005). The adjustment of consistently increased Gc50OS with both 
wetter conditions and higher tree-internal water availability for 
P. sylvestris is likely caused by higher capacitance of stored water within 
the flexible tissues for trees growing at the uphill site (e.g., Zweifel et al., 
2005; Verbeeck et al., 2007; Salomón et al., 2017). Also, P. sylvestris is 
considered a species that is already adapted to a wide range of (often 
very dry) habitats (Poyatos et al., 2007) and thus likely is not impacted 
by the drier site conditions at the uphill site, which might explain why 
we could not find the same level of adjustment as for F. sylvatica and 
Q. petraea. In addition, of the studied species, P. sylvestris potentially has 
the highest difficulties of night-time rehydration (Peters et al., 2023). 
This could explain the lack of a Gc50OS increase at the wetter site as the 
trees might not be able to fully benefit from more available water. 
Although further research is required to determine the exact water status 
of the trees and the mechanism underlying the Gc50OS adjustment, our 
findings highlight the species-specific nature of Gc adjustment to drier 
habitats. 

5. Conclusions 

Our analyses of the operational space of canopy conductance 
(Gc50OS) highlight its adjustment potential in species like P. sylvestris, F. 
sylvatica and Q. petraea. Our case-study demonstrates that, when 
comparing drier and wetter site conditions, F. sylvatica and Q. petraea are 
able to adjust their Gc50OS to drier habitats more than P. sylvestris. This 
suggests that within temperate forests of comparable species composi-
tion, transpiration rates of the studies species (as Gc is closely linked to 
transpiration; Hernandez-Santana et al., 2016) might decrease more 
during droughts in case a habitat becomes persistently drier, forcing 
trees to reduce Gc sensitivity to D during wetter periods. This might also 
affect the local timing of transpiration and might have unknown impacts 
on forest stand transpiration and its modelling (e.g., Schlesinger and 
Jasechko 2014; Mastrotheodoros et al., 2020). 

Our simplified approach of quantifying the environmental and 
physiological space at which ≥ 50% of maximum Gc is possible, appears 
promising in supporting the identification of water-use strategies and 
provides insights in adjustment dynamics of whole-tree canopy 
conductance of the studied species in response to drought. Moreover, 
incorporating point dendrometer measurements to derive stem-water 
status as proxy for tree water availability is highly promising in 
deriving the Gc50OS. In addition, using leaf water potential measure-
ments would be critical to directly assess the tree-water status to 
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determine tree water-use strategies and their adjustment. As we focused 
on three common European tree species growing in one temperate for-
est, applying this approach to more sites of different stand densities, 
climates and environments as well as studying further species, might 
mark a promising step in enhancing our understanding of the Gc and 
Gc50OS adjustment potential of mature trees to a drier and hotter future. 
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