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Measured and simulated tree and stand water use of Douglas-fir along a
climatic gradient across Germany

The frequency and severity of summer soil droughts in Central Europe have in-
creased significantly over recent decades, leading to substantial damage in Eu-
ropean forests, particularly to Norway spruce. Douglas-fir (Pseudotsuga men-
ziesii [Mirbel] Franco), a non-native tree species, is being explored as a poten-
tial alternative for enhancing forest drought resilience. This study focuses on
quantifying and simulating the stand water use of Douglas-fir under future cli-
mate scenarios at four different sites in Germany that differ in seasonal pre-
cipitation distribution and soil characteristics. Sap flow and stem radial
changes of up to ten trees per site were measured in combination with volu-
metric soil water content during the growing seasons of 2022 and 2023 (Apr 1-
Sep 30). For each tree, we trained a Random Forest model to close any gaps in
the time series due to power shortages. We estimated the stand water use of
Douglas-fir at each site and trained the Random Forest model for each site to
simulate stand water use under shifted temperature and soil moisture re-
gimes. Mean growing season tree and stand water use was 23.7 + 13.7 and
0.78 + 0.23 mm day' (mm = kg m?, & standard deviation), respectively. The
growing season sum of stand water use is linearly correlated to annual growing
season precipitation and soil water depletion across all sites. While around
40%-50% of precipitation is used for transpiration, around 80%-90% of soil wa-
ter in the upper 40 cm is used for plant uptake. Stand water use for 2022 and
2023 could be modeled using only relative soil water availability and the daily
maximum in vapor pressure deficit, yielding an accuracy of ~80%. Simulations
of stand water use under shifted temperature and soil moisture regimes reveal
a strong reduction in water use when soils get drier under future climate con-
ditions. The year 2022 already presented signs of significant water stress,
characterized by low soil water availability and reduced stand water use.
Looking ahead, climate projections indicate a continued decline in stand water
use, which will likely lead to a corresponding reduction in tree growth, poten-
tially impacting forest health and ecosystem resilience.

Armin Niessner ),
Stefan Ehekircher ",
Goran Spangenberg (2,
Reiner Zimmermann ©®,
Alexander Land ©®,
Sebastian Hein "

Keywords: Soil Drought, Sap Flow, Random Forest Modeling, Forest Drought Re-
silience, Water Use Efficiency, Climate Change, Transpiration.

Introduction

Climate change has profound effects on
precipitation patterns in Central Europe,
particularly in Germany. While winters tend
to become wetter, summer months are in-
creasingly characterized by prolonged dry
periods (Christidis & Stott 2021, Felsche et
al. 2024). These changes pose a significant

challenge for forestry, as water availability
plays a crucial role in the growth and vital-
ity of tree species (Kécher et al. 2009, Lhot-
ka et al. 2023, Thom et al. 2023). In this con-
text, a better understanding of the water
consumption of economically relevant tree
species under different climatic conditions
is essential.
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Douglas-fir (Pseudotsuga menziesii [Mir-
bel] Franco) is the most important non-na-
tive tree species in German and Central Eu-
ropean forestry (Kohnle 2007, Brus et al.
2019, Nicolescu et al. 2023). It is known for
its fast growth, high timber yields, and rela-
tively good drought tolerance (Eilmann &
Rigling 2012, Nadezhdina et al. 2014, Vitali
et al. 2017). These characteristics make it a
promising option for climate-resilient and
productive forests of the future. However,
the water uptake and utilization of this
species in relation to available water and
climatic conditions are not yet fully under-
stood (Thomas et al. 2022). In forestry, we
need to consider the regional climate de-
velopment within the next century (Keen-
an 2015).

According to the Sixth Assessment Re-
port of the IPCC, not only temperature lev-
els but also temperature and precipitation
regimes will change by 2100, depending on
the scenario (IPCC 2023). The IPCC assess-
ed the climate response to five different
Shared Socio-economic Pathways (SSP),
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ranging from a very low (SSP1) to a very
high (SSP5) greenhouse gas emissions sce-
nario. Each scenario is linked to a Repre-
sentative Concentration Pathways (RCP)
ranging from 1.9 to 8.5 W m? and repre-
senting the radiative forcing associated
with the SSP by the year 2100. Under the
optimistic SSP1-2.6 scenario, the annual
mean temperature in Central Europe is pro-
jected to rise by 0.5-1 °C by 2081-2100 (com-
pared to 1995-2014), whereas the SSP3-7.0
scenario predicts an increase of 3-5 °C (Fig.
4.19 in IPCC 2023). However, warming will
be more pronounced in summer than in
winter, with summer temperatures expect-
ed to rise by 0.5 to 1 °C more than winter
temperatures under the SSP1-2.6 scenario,
and by 1 to 1.5 °C more under the SSP3-7.0
scenario (Fig. 4.20 in IPCC 2023). Simultane-
ously, summer precipitation is expected to
decrease by 0-10% (SSP1-2.6) or by 10-20%
(SSP3-7.0 - Fig. 4.24 in IPCC 2023), while
relative summer humidity is projected to
decline by 2-4% (SSP1-2.6) or 6-8% (SSP3-
7.0) by the end of the century (Fig. 4.23 in
IPCC 2023). This combination of higher
temperature, lower summer precipitation,
and lower air humidity challenges the re-
silience of forests.

A thorough understanding of the water
consumption of Douglas-fir is therefore
crucial for developing sustainable manage-
ment strategies and increasing forest re-
silience to climate change. Sap flow, a key
indicator of daily water use in trees, is influ-
enced by various environmental factors

such as soil moisture, vapor pressure defi-
cit of air (VPD), and precipitation (O’Brien
et al. 2004, Pfautsch et al. 2010). Daily vari-
ations in stem radius result from changes
in water tensions in the xylem, which is di-
rectly linked to sap flow (Sevanto et al.
2008), and also hydration and dehydration
of cells in the inner bark of the stem, which
is linked to water reserves being drained to
maintain sap flow and replenished over
night (Zweifel et al. 2000, Drew & Downes
2009, Niessner et al. 2024, Spangenberg et
al. 2024).

The objectives of this study were to (1)
quantify the water consumption of Dou-
glas-fir trees and stands, and (2) examine
how soil moisture and vapor pressure def-
icit influence water consumption. By (3)
comparing the estimated water use with
precipitation, soil water content, and stem
radial growth, we aim to gain insights into
the water use efficiency of Douglas-fir
trees. This comparison will help under-
stand the balance between water uptake
by trees and the available precipitation,
which is critical for forest management and
conservation strategies under changing cli-
mate conditions. Finally, (4) we project the
reduction in stand water use under shifted
temperature and soil moisture levels, as ex-
pected by the end of the century.

Material and methods

Study sites
Four sites across Germany were selected

to represent a gradient in annual precipita-
tion and rainfall regimes. The selected sites
are: Bad Belzig (BB), with a dry, continental
climate (626 mm annual precipitation) and
sandy soils; Rottenburg (RO), with moder-
ate annual precipitation (765 mm) and a
sandy silt soil on a clay layer in 45 cm
depth; Heinersreuth (HE), characterized by
evenly distributed annual rainfall (805 mm)
on silty soil with a clay layer in 45 cm depth;
and Merzalben (ME), the wettest site with
1026 mm annual precipitation and silty soil
(Tab. 1). Detailed descriptions of the sites
are reported by Niessner et al. (2024). All
investigated trees were mature, but tree
age varied between 45 and 110 years per
site, while the average tree height varied
between 29.3 and 34 m.

The growing season (here defined as the
6 months from Apr 1 to Sep 30) of 2022
was very dry at all sites with significantly
less precipitation, while 2023 was wetter at
all sites, but still with less rainfall during the
growing season than during the reference
periods of 1961-1990 and 1986-2015 (Tab.

2).

Meteorological data

Data on long-term daily temperature and
precipitation were obtained from the
DWD/BfG-HYRAS v. 2.0 precipitation data-
set (Rauthe et al. 2013, Brienen et al. 2016).
Hourly values for air vapor pressure deficit
(VPD, hPa) were calculated after Goff &
Gratch (1946) from recorded air tempera-
ture, humidity, and air pressure (every 30

Tab. 1- Summary of site characteristics based on observations taken within a circular plot of radius 15 m (BB), 20 m (RO and HE), and

25 m (ME) containing all studied trees.

Characteristic Year(s) Bad( I;BBe)Izig Rot:;gl;urg Hein:e;ls-:r)euth Mez;aEl;Jen
Latitude 52.166838° N 48.446685° N 49.960089° N 49.273530° N
Longitude 12.514308° E 8.968711° E 11.464497° E 7.807540° E
Annual average temperature 1986-2015 9.2 9.1 8.5 9.3
el 2022 10.7 10.7 9.7 9.4
2023 10.7 10.9 9.3 10.2
Precipitation 1986-2015 626 765 805 1026
[mm year] 2022 405 645 692 772
2023 780 780 935 1146
Elevation [m a.s.l.] 145 510 450 550
Site inclination and exposition flat ~10% facing SW flat flat
Stand age [years] 50 45 110 55
Average tree height [m +SD] 34.1 £3.0 29.3+2.8 31.4£2.9 32.5+0.9

Forest Site Index (m height at age
100)

Vegetation

Basal area, BA [m2 ha]

Stems ha™ (>15 cm
circumference)

Soil texture

37 (Site class 11.25) 43 (Site class 0.75)

30 (Site class IV.0) 42 (Site class 1.0)

Pure Douglas-fir (100% Almost pure Douglas- Mainly Douglas-fir (88%Mainly Douglas-fir (98%

of BA) forest with
abundant natural

fir (74% of BA) forest of BA) forest with few of BA) forest with few
European beech and European beech trees

regeneration oak trees
45.48 33.12 54.54 57.44
668 560 1744 366
Silty sand Silty sand with loamy Silty sand with loamy sandy silt

clay below 45 cm

clay below 45 cm
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min) using Watchdog 2700ET weather sta-
tions (Spectrum technologies Inc., IL, USA)
placed in a clearing close to the site at 2 m
height. Data gaps in temperature and hu-
midity for the calculation of VPD were filled
with data from nearby DWD weather sta-
tions. The values were adjusted using a lin-
ear regression through “o0” of daily mean
VPD recorded vs. data from DWD (Wiesen-
burg for BB, ID 5546; Hechingen for RO, ID
2074; Heinersreuth-Vollhof for HE, Station
ID 320; and Hortenkopf for ME, ID 15187).
Volumetric soil water content (VSWC, %)
was measured at 20 and 40 cm depth in
five points at each of the four sites, except
in Bad Belzig, where it was measured at 20
and 60 cm depth due to the sandy soil.
VSWC was measured using Teros 10° soil
water content sensors (Meter Group, Pull-
man, WA, USA), connected to open-source
data acquisition systems (Niessner 2025).
The five hourly time series at each site and
soil depth were averaged for each soll
depth to obtain the site’s average VSWC.
Further analyses were then carried out us-
ing the daily mean values. Volumetric soil
water content (VSWC) is highly influenced
by soil conditions (Cassel & Nielsen 2018).
To account for this variability, VSWC has
been normalized as relative extractable
water (REW). REW represents the ratio of
available soil water and the maximum ex-
tractable water, as described by Granier
(1987), and is defined by eqgn. 1:

VSWC—-VSWC,,., (1)
REW =
vswcC,,..,— VSWC,,;.,

In this context, VSWC.x corresponds to
the soil water content at field capacity,
while VSWC,,, represents the permanent
wilting point. To calculate REW, the com-
plete dataset from both years was used,
focusing solely on the data from the sensor
at 20 cm soil depth. To calculate soil water
depletion (in mm or kg m?) within the up-
per 40 cm of soil, we first determined the
absolute water content for the upper 20
c¢m using the VSWC at 20 cm and the VSWC
at 40 cm for the same volume between 20
and 40 cm. At BB, we measured the VSWC
at a depth of 60 cm, but for simplicity, we
assumed it was the same at 40 cm. The
daily soil water depletion was defined as
the daily change in soil water content, con-
sidering only negative changes and ignor-
ing increases due to rainfall (Warren et al.
2005). Soil water depletion is mainly gov-
erned by the stand water use through tran-
spiration, but also water seepage to deep-
er soil layers and soil evaporation. The sea-
sonal soil water depletion is the sum over
the growing season.

Climate predictions

To estimate the future climate at the four
sites, we used regionalized climate projec-
tions from the ReKlIiEs-De Project, available
for various parameters and frequencies at
the World Data Center for Climate (WDCC
2025). We were particularly interested in
projections for precipitation and tempera-
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Tab. 2 - Comparison of growing season mean temperature (Tmean, °C) and sum of pre-
cipitation (PP, mm - April 1 to September 30).

Site 1961-1990 1986-2015 2022 2023

Trmean PP Trmean PP Timean PP Timean PP
BB 14.3 323 15.0 34 15.0 204 15.0 305
RO 13.6 476 14.5 467 15.3 388 15.3 12
HE 13.2 399 14.2 411 15.1 349 14.9 397
ME 13.6 514 14.7 463 14.8 322 15.0 410

tures for the last decade of this century
(2091-2100) and in comparing the RCP2.6
(“best-case scenario”) and RCP8.5 scenar-
ios. While the newer SSP scenarios (Shared
Socioeconomic Pathways) used in recent
IPCC reports combine socioeconomic nar-
ratives with associated emission trajecto-
ries, the older RCP scenarios (Representa-
tive Concentration Pathways) focus solely
on different levels of radiative forcing by
2100, such as 2.6 W m? for RCP2.6 or 8.5 W
m? for RCP8.5 (IPCC 2023, Chapter 4.2.2).
For our analysis, we relied on RCP scenar-
ios because the ReKliEs-De Project pro-
vides a broader and more consistent data-
set for these pathways, particularly at the
regional scale relevant to our study. The
complete list of simulations from the ReK-
liEs-De Project used for this study is given
in Tab. S1 and Tab. S2 (Supplementary ma-
terial).

Dendrometer measurements

At each site, ten vital and dominant Dou-
glas-fir trees were selected for dendrome-
ter measurements, as described in detail in
Niessner et al. (2024). Tree age was deter-
mined by counting rings of two 5 mm cores
(extracted with Hagl6f increment borers)
at breast height (1.3 m). Tree heights were
measured using a TruPulse Laser 200°
(Laser Technology, Inc., CO, USA). Stem ra-
dius changes were measured with point
dendrometers (MMR 10 11 R5 K, Megatron
Elektronik AG & Co., Munich, Germany) at a
height of 1.3 m with a spatial resolution of
<10 um and every 10 minutes, using the
“Loguino” open-source data acquisition
system (Niessner 2025). Daily stem radius
change (SRC) was calculated as the differ-
ence between the morning maximum in
stem radius of the current day and that of
the day before. Maximum daily stem
shrinkage (MDS) is the difference between
the morning maximum stem radius and the
following midday minimum (Downes et al.
1999, Deslauriers et al. 2003).

Sap flow measurements

We employed pairs of custom-built sap
flow sensors following the method de-
scribed by Granier (1985, 1987). These sen-
sors were installed at a height of 1.3 meters
on the north-facing side of each tree trunk.
Each sensor pair consisted of copper-con-
stantan thermocouples inserted into 2 cm
long needles positioned in the xylem,
spaced approximately 10 cm apart verti-

cally. The upper needle was continuously
heated with a current of 120 mA, and tem-
perature differences between the needles
were recorded every 10 minutes using the
Loguino device, alongside dendrometer
data. A detailed description can be found in
Niessner et al. (2024). Sap flow density was
calculated by taking the maximum temper-
ature difference of each day and a linear in-
terpolation in between as the correspond-
ing reference value with zero sap flow. The
obtained volume flux density of sap flow
(in g cm? s7) was further extrapolated for
the whole tree, using the R package devel-
oped by Berdanier et al. (2016), considering
the tree’s sapwood area. Total sapwood
area was obtained from visual inspection
of tree cores from each tree. Tree water
use (TWU) is defined as the integrated di-
urnal sap flow.

Tree water use modeling

Statistical analysis, modeling, and data vi-
sualization were done using Python v.
3.10.13 (Van Rossum & Drake 2009), with
its packages NumPy v. 1.22.3 (Harris et al.
2020), pandas v. 1.4.2 (McKinney 2010),
SciPy v. 1.10.1 (Virtanen et al., 2020), Scikit-
learn (Pedregosa et al. 2011), and Plotly v.
5.22.0 (https://plot.ly). Power shortages or
individual sensor failures could not always
be avoided completely (see Tab. S3 in Sup-
plementary material for a summary of
gaps). To estimate daily stand water use,
we needed a complete time series of all
trees, thus we trained a model for each
tree to fill these gaps. For each tree, we
trained a Random Forest model for the
two years (2022 and 2023) together and
also one separately for each year. As vari-
ables to predict tree water use (TWU), we
chose maximum daily stem shrinkage
(MDS), mean daily relative extractable soil
water (REW), and maximum daily vapor
pressure deficit (VPDma). To account for
gaps (no dendrometer data for the corre-
sponding tree existed), we chose only REW
and VPDmax as predictors, which had only
slightly worse predictive power (see Tab.
S4 and Tab. S5 in Supplementary material
for variable importance, accuracy, and R?
of the Random Forest models).

A Random Forest is an ensemble machine
learning method that trains multiple deci-
sion tree regressors on different subsets of
the dataset. Averaging their predictions en-
hances predictive accuracy and reduces
the risk of overfitting (Ali et al. 2012). The
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risk of overfitting was further reduced by
splitting the data in training and test data,
which was done using the Scikit-learn
“Kfold” function. The data was split into
five consecutive and equal folds, and each
fold was then used once as a validation,
while the k-1 remaining folds formed the
training set. This resulted in five different
models, and the one with the best predic-
tion score (R?) was selected to predict sap
flow during data gaps. The Random Forest
models were built using the “RandomFore-
stRegressor” function of Scikit-learn in
Python and consisted of 1000 decision
trees, forming an ensemble to make a pre-
diction based on the average outcome. The
maximum depth of the trees was set to 10,
the minimum samples per leaf to 3, and the
minimum samples per split to 6. Bootstrap
was set to true and for reproducibility, ran-
dom state was set to 42 (also for the
“Kfold” function). Features were tuned
manually, trying reasonable values and
maximizing R* for predicting TWU. Gaps in
sap flow data of each tree were finally
filled with the model predictions of the cor-
responding year. When the training of the
model for the corresponding year failed to
converge, the model for the two years to-

gether was used. For periods where den-
drometer data were also absent, the corre-
sponding model trained only with REW and
VPD.x Was used.

Stand water use calculation

Stand water use (SWU) per hectare of
Douglas-fir was estimated by fitting a
power function (y = a - x*) to the relation
between the tree circumference (x) and
the total tree water use (y) during the
growing seasons of 2022 and 2023 (Apr 1-
Sep 30). Fitted parameters and coefficients
of determination are presented in Tab. S6
of Supplementary material (see also Fig.
S1).

Similar to Paligi et al. (2025), daily stand
water use at a given day d (SWUq, kg m? or
mm) was calculated as follows (eqn. 2):

"tTWU
Z“l—"l /A )

SWU,,=mTWU ;| == ot
2, (TWU

tree

where mTWUj (kg) is the mean tree water
use of all monitored trees at the site in the
day d, tTWU, is the total water use of all
n trees within the plot of size A,.: derived
from the fitted power function to the tree
circumference, and tTWUi.. is the total wa-

o
(=]

w
o

Tree water use [kg day~']

PP [mm], VPD [hPa], VSWC [%]

P A |

May 2022 Jul 2022 Sep 2022

May 2023 Jul 2023 Sep 2023

Fig. 1 - Daily tree water use (TWU, left y-axis, measured: solid lines, modeled: dashed
lines) and corresponding daily mean relative extractable water (REW, black line),
maximum air vapor pressure deficit (VPD, red line), and rainfall (PP, blue line) at Bad
Belzig (BB), Rottenburg (RO), Heinersreuth (HE), and Merzalben (ME) for 2022 and
2023. Note the partly synchronous course between TWU and REW or VPD.
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ter use of all m trees monitored. We only
took Douglas-fir trees into account, as we
did not measure the sap flow of other
species. Douglas-fir accounted for 100%
(BB), 74% (RO), 88% (HE), and 98% (ME) of
the total basal area. The stand structure
was relatively homogeneous (typical of a
managed forest), and most of the existing
trees were dominant and similarly exposed
to the sun.

Stand water use simulation

A random forest model for each site was
trained to simulate SWU, using the daily
maximum VPD and mean REW as predic-
tors. Analog to the random forest models
for TWU, model parameters were tuned
manually, and the minimum samples per
leaf was set to 1 and the minimum samples
per split to 2. All other parameters were set
equal to the models for single trees. SWU
was simulated for the growing seasons of
2022 and 2023 under shifted mean daily
temperatures and REW. The average tem-
perature for both years was already 0.7-1.8
°C above the temperature average for 1961-
1990 (Tab. 2) and was therefore possibly
exceptionally warm. We therefore tested
temperature shifts of -2 to +4 °Cin 1 °Cin-
crements. VPDp.« was calculated according
to Goff & Gratch (1946) using the shifted
daily maximum temperature. The daily min-
imum relative humidity was adjusted by
“Tawite * 1.5 to account for the change in rela-
tive humidity expected by the IPCC report
for the years 2081-2100 (Fig. 4.23 in IPCC
2023). For REW, we tested a reduction of
up to 50% in steps of 10%. The accuracy (%)
of the model was calculated with the fol-
lowing formula (egn. 3):

Accuracy=100— 100-% >

i=1

f(xi)—yi‘ )
where f(x) is the modeled value and y is the
actual measured value.

Results

Growing season tree and stand water
use of Douglas-fir

Tree water use (TWU) of individual Dou-
glas-fir trees at each site is presented in
Fig. 1, along with the abiotic site parame-
ters, daily precipitation, maximum vapor
pressure deficit (VPDmay), and the relative
extractable soil water (REW). A partly syn-
chronous course of TWU and RWE is visible
during the growing season of 2022. The
main difference between the two years is
the distribution of rainfall throughout the
season and the corresponding availability
of soil moisture (REW). In 2022, all sites ex-
perienced a pronounced drought starting
in July and ending in mid-September, while
in 2023, a short dry period occurred in June
and July, but August and September were
rather moist. This pattern is also reflected
in a skewed distribution of the monthly
tree and stand water use in 2022 towards
the first half of the growing period (Fig. 2).
Likewise, the distribution of TWU and SWU
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in 2023 follows a hump shape with a de-
pression in July.

The mean daily and total annual TWU and
SWU were generally higher during the rela-
tively wetter year of 2023, except at RO
(Tab. 3), where TWU and SWU were much
higher than at the other sites. The lowest
TWU was measured at HE and ME during
2022, but the lowest SWU was estimated
for BB.

The estimated importance of REW and
VPD for TWU, received from the Random
Forest models for each individual tree,
shows that REW was most relevant in 2022
for limiting TWU, while in 2023, VPD was
more important (see also Tab. S4 and Tab.
S5 in Supplementary material).

Seasonal site water balance

Growing season SWU is linearly related to
rainfall and soil water depletion during the
same period, both within each site but also
across all four sites (Fig. 3). SWU accounts
for between 34% and 51% of growing sea-
son rainfall and 52% to 127% of soil water de-
pletion within the upper 40 cm of soil (Tab.
4). The ratios between SWU and PP in 2022
and 2023 are very similar for each site with
no clear tendency, but the ratios between
SWU and soil water depletion were consis-
tently higher in 2023. This means that dur-
ing a dry year like 2022, more water has to
be withdrawn from deeper soil depths.

Annual SWU was only poorly linearly re-
lated to SRC across sites, but rather within

Tree and stand water use of Douglas-fir

1500 ——BB
—e— RO
= —e— HE
“—C" —e— ME
S 1000
£
bo
=
S 500
'_
May 2022 Jul2022  Sep 2022 May 2023  Jul2023  Sep 2023
— 40
=
S
5 30
€
€
E 20
)
=
010
May 2022  Jul2022  Sep 2022 May 2023  Jul2023  Sep 2023

Fig. 2 - Monthly tree and stand water use (TWU and SWU) at all four sites for 2022 and

2023.

each site. Higher SWU was consistently re-
lated to a larger mean SRC at each site with
similar slopes, ranging from 15.9 (HE) to
35.6 mm mm* (RO). On average, 70.4 mm
of water is used per 1 mm of accumulated

SRC, ranging from 34.2 mm (2023 at ME) to
150.4 mm (2022 at HE). This ratio, which
represents the reciprocal water use effi-
ciency, is generally higher in the dry year of
2022, except at RO (Tab. 4).

Tab. 3 - Tree (TWU) and stand (SWU) water use during growing seasons (Apr-Sep) of 2022 and 2023. N = 183 days for each year, n = 4
- 183 for mean+SD (standard deviation) over all sites.

Mean TWU Mean total TWU Mean SWU Max. SWU Total SWU
Site [kg day™'] [kg season™'] [mm day'] [mm day] [mm season™]
2022 2023 2022 2023 2022 2023 2022 2023 2022 2023
BB 23 +13 3215 4284 5758 0.4+0.2 0.6 +0.2 0.91 1.01 78 105
RO 37+ 21 35+ 14 6842 6463 1.1+£0.6 1.0+0.4 2.14 1.79 199 188
HE 17 £ 10 19+8 3193 3511 0.7+0.4 0.8+0.2 1.53 1.08 125 138
ME 17 £ 12 25+ 10 3025 4533 0.7+0.4 1.0+0.3 1.39 1.72 119 178
mean 24 + 14 28 + 12 4336 + 2612 5066 + 2835 0.7 £0.3 0.8+0.2 1.5+ 0.5 1.4+ 0.4 131 £51 153 +39
Fig. 3 - Growing season (Apr 1- Sep 250
30) stand water use (SWU) in rela- , , ® BB
tion to the corresponding sum of ’ , ® RO
rainfall (PP), soil water depletionin & 200 ‘s’ . 7’.22 o 2 R ® HE
the upper 40 cm, and mean stem ¢ 0,:%% ; 30,23 23 , 0,23 e ME
radial change (SRC) at all four ‘g R / ’ — 11
sites. Data points for 2022 ('22)and 3 "0 /o i .| 7 - - )
2023 ('23) are labeled individually. % e, 2 ,,6232 %5 237 4
A 1:1 relation is illustrated with a § T = 73 / .I'2§ Jo 2
solid black line and linear regres- > " = L ;23
sion with a dashed black line. The & // by 12 :(22
corresponding functions are given % gg ’ /’ ’
below in each panel. R: for the lin- S A )
ear regression between SRC and , f(x)=0.41x, R2=0.71 f(x)=0.69x, R2=0.2 / f(x)=49.07x, R?=n.a.
SWU could not be calculated, but 0
slopes between the two data 0 200 400 600 200 400 600 2 4 6
points within each site are very PP [mm] soil water depl. [mm] SRC [mm]
similar (BB: 25.8, RO: 35.6, HE: 15.9,
ME: 27.0 mm SWU per mm SRC).
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Tab. 4 - Ratios between growing season stand water use (SWU, mm) and correspond-
ing rainfall (PP, mm), soil water depletion within the upper 40 cm (mm) and mean

stem radial change (SRC, mm).

SWU / soil water

. SWU / PP . SWU / SRC
Site depletion
2022 2023 2022 2023 2022 2023
BB 0.38 0.34 0.52 0.54 59.3 43.8
RO 0.52 0.46 0.73 1.28 73.0 77.8
HE 0.36 0.35 0.56 0.65 150.4 85.3
ME 0.37 0.44 0.60 0.76 39.4 34.2
mean 0.41 0.40 0.60 0.81 80.5 60.3
30
000 Lo i I I I |
| h | | | | |
| | | | | |
800 | L : = A A0 4 4k
i © | | | A | 1
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Fig. 4 - Predicted growing season precipitation (left panel), T, and Tyax for 2091-2100
(right panel). Solid black dots (left) represent the mean growing season precipitation
between 1985 and 2015, and black triangles (right) represent the minimum and maxi-
mum temperatures at each site for the growing seasons of 2022 and 2023 together.
Each open blue circle indicates the prediction of a ReKIiES-De ensemble model for the
RCP2.6 scenario, and open red circles indicate the projections for the RCP8.5 scenario.
Solid diamonds show the respective mean of all model predictions.

Predicted changes in precipitation and
temperature

Most regionalized climate models predict
lower growing season precipitation for the
last decade of this century at all four sites
and even under the “best-case” scenario
RCP2.6, which represents the maximum 2
°C temperature rise target (Fig. 4, left
panel). Minimum and maximum tempera-
tures during the growing seasons of 2022
and 2023 were already relatively high,
matching or even exceeding predictions
under the RCP2.6 scenario. The RCP8.6 sce-
nario, however, predicts even higher tem-
peratures for the end of this century at all

sites and particularly for minimum temper-
atures (Fig. 4, right panel).

Simulation of sap flow under different
scenarios

Random Forest models for SWU at each
site and for the two years yielded high ac-
curacies (80%-90%) and coefficients of de-
termination (0.82-0.94 - Tab. 5). REW and
VPD were mostly equally important for pre-
dicting SWU; only at BB, VPD was more
crucial (59%).

A simulation of SWU under shifted soil
moisture and/or temperature regimes
shows that a reduction in REW generally

Tab. 5 - Importance of relative extractable soil water (REW) and air vapor pressure
deficit (VPD) in percentage, accuracy (Acc, %, see eqgn. 3) and R? of random forest
models for predicting stand water use of Douglas-fir at each site.

Site REW (%) VPD (%) Acc (%) R?
BB 41.2 58.8 79.8 0.82
RO 48.5 51.5 88.9 0.94
HE 51.4 48.6 90.3 0.92
ME 51.0 49.0 82.5 0.90

mean 48.0 52.0 85.4 0.90
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reduces SWU (Fig. 5), while an increase in
temperature, and therefore a higher VPD,
may increase growing season SWU if soil
moisture allows for higher withdrawal of
water from soils. The reduction in simu-
lated SWU was generally less in the dry
year 2022. Since precipitation was higher in
2023 and more frequent later in the year,
resulting in higher REW, the potential re-
duction in SWU under dry conditions is
greater. This is also shown in Fig. 6, where
SWU was generally very low during the
second half of the growing season and
therefore the scope for reduction is also
small. Potential for increasing SWU exists
primarily in the first two to three months
of the growing season, when there is still
plenty of soil water available. Under the
most extreme scenario (4 °C higher aver-
age daily temperatures, 50% reduction in
extractable water from the soil), the mod-
els show a reduction in SWU of 2.5%14.6%
and 12.2%-25.7% compared to 2022 and
2023, respectively. The models predict the
strongest reduction in SWU for a 50% re-
duction in REW, with a simultaneous aver-
age cooling of 2 °C (compared to the values
of 2022/2023) and thus a lower VPD.

Discussion

Tree and stand water use of Douglas-fir

We report that the daily water usage of
Douglas-fir trees ranges from 17.4 to 37.4
kg day, while the stand’s daily water con-
sumption varies between 0.43 and 1.09
mm, with a seasonal total of 78 to 199 mm
(Tab. 3). Our estimated quantities of daily
and seasonal TWU and SWU are well within
the range of values reported for Douglas-
fir stands of similar age and site conditions.
For example, Thomas et al. (2015) report an
average of <0.6 mm day" and 155 mm year™
for a 40-year Douglas-fir stand close to our
site ME. Moore et al. (2004) even report
daily values of 1.5-3.0 mm per day for a 40-
year-old Douglas-fir stand in Central Ore-
gon (CA, USA) at a site with a mean annual
precipitation of 2300 mm per year. Simp-
son (2000) reports an average daily early
summer TWU of trees with diameters of
7.5-70 cm varying from 1.8 to 166 kg day"
and a SWU of 1.08 and 1.5 mm day" for two
sites in British Columbia, Canada. We
recorded a maximum daily SWU of 0.9 to
2.1 mm, which is at the lower end of the
range (1.2-4.0 mm) reported in a review by
Leuschner & Meinzer (2024).

Our calculations of the TWU and SWU are
a relatively conservative low estimate be-
cause we determine a point with zero flow
for each day. Therefore, transpiration at
night under dry air conditions is not taken
into account. Nighttime transpiration, how-
ever, is generally very low and occurs only
under warm air and windy conditions, and
when soil water is available. For Douglas-
fir, Dawson et al. (2007) report a nighttime
sap flow velocity of 1-7% of daily velocities
for coastal temperate and temperate de-
ciduous and coniferous forests in the USA.

iForest 18: 309-318



For the relatively dry year 2022, Paligi et
al. (2025) reported an annual water use of
292 mm, compared to 472 mm recorded in
2021, for a 70-year-old Douglas-fir stand in
the Liineburg Heath, Germany. It is impor-
tant to note that our analysis only consid-
ered Douglas-fir stems for stand water use,
excluding other species and the under-
story. However, Douglas-fir contributes
from 74% to 100% of the basal area at our
sites (Niessner et al. 2024). In Paligi et al.
(2025), 14.6% of the sessile oak present was
included by treating it as equivalent to
Douglas-fir individuals, which, however,
does not account for the 47% higher stand
water use they reported for 2022. As we
only took measurements on the dominant
and vital trees, the water consumption of
the stand may be slightly overestimated.
However, the stand structure was rela-
tively homogeneous, which means that the
error is expected to be rather small.

Most authors report annual water use in-
stead of growing season water use, which
we refer to as considering only observa-
tions between April 1 and September 30.
Reliable quantifications of winter sap flow
in Douglas-fir are virtually absent, and in
most studies reporting annual estimates, it
remains unclear whether the full 365 days
of the year were considered. During win-
ter, maintaining a constant power supply
to the sensors’ heaters is particularly chal-
lenging, which is why we lack continuous
recordings between October and March,
except at the ME site, where we had ac-
cess to grid electricity. The water reserves
in the soil had filled up well again after the
rainfall at the end of September, which
meant that in October and November,
SWU accounted for 15.8% and 6.0%, respec-
tively, of the growing season SWU for 2022
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(data not shown). Overall, our method
yields a SWU between October 2022 and
March 2023 of 48% of the growing season
SWU for 2022 or 32% of the whole year
SWU (April 2022-March 2023). In general,
however, water consumption is relatively
low in winter due to the low temperatures
and low evaporative demand. The stem
water content is also reduced (Waring et
al. 1979, Beedlow et al. 2017), and there is
practically no water flow at temperatures
below o °C (data not shown).

The highest sap flow rates and tree water
use quantities were measured in RO, re-
sulting in the highest water consumption
per site at this location, despite a relatively
small basal area. This site also yielded the
highest forest site index by Noack (2021),
indicating the theoretical tree height at
age 100 (Tab. 1). It appears that seasonal
SWU is rather linearly scaled with growing
season precipitation, both within and
across all sites (Fig. 3, right panel).

Site water balance

About 40% of the growing season precipi-
tation was consumed by Douglas-firs
through transpiration at all sites (Tab. 4),
leaving 60% percent for other plants, can-
opy interception losses, soil water evapora-
tion, vertical drainage, and possibly above-
ground run-off if the terrain is inclined. Tik-
tak & Bouten (1994) quantified the annual
site water balance over 30 years for a Dou-
glas-fir stand on sandy soils in the Nether-
lands. They reported that transpiration ac-
counted for about 40%-43% of precipitation
on an annual (not seasonal) basis, which is
similar to our findings. There, interception
accounts for 35%-38%, soil water evapora-
tion for 3%-4% and vertical drainage for 21%-
23% of water losses.

Across all sites, on average, 68% of the
water within the upper 40 cm of soil was
lost through transpiration, leaving 32% for
evaporation at the surface and vertical
drainage. Although between 65% and 75%
of fine root biomass should be allocated
within the upper 40 cm of soil, water up-
take during droughts shifts progressively
deeper (Nnyamah & Black 1977, Warren et
al. 2005). At our sites, about 90% of fine
and coarse roots could be found within the
upper 35 to 45 cm; only at ME, with its
sandy silt soils, fine and coarse roots could
be found down to 60 cm of soil depth
(Niessner et al. 2024). Particularly at RO
and HE, water uptake was probably limited
to the upper 45 cm, as a loamy clay layer
begins there, which was not penetrated by
roots. In 2023 at RO, SWU even exceeded
soil water depletion by 27% during the
growing season. If both water consump-
tion and precipitation occur on the same
day, the soil water content may remain un-
changed compared to the previous day,
though the trees are using water. This
could lead to an underestimation of the ac-
tual water depletion by the trees. While
soil water depletion calculation is based on
the top 40 cm of soil, trees often access
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water from deeper soil layers that are not
accounted for in this study (Nnyamah &
Black 1977, Warren et al. 2005). Thus, the
higher sap flow may reflect water uptake
from deeper sources. The lower ratios of
SWU and soil water depletion in 2022 com-
pared to 2023 (Tab. 4) also suggest that in
2022, more water was withdrawn from
deeper soil depths.

A higher growing season precipitation
leading to water available in soils for tran-
spiration ultimately permits higher growth
rates (Fig. 3, right panel). The water use
efficiency (WUE) is generally used to show
the relationship between plant productiv-
ity and its water use. It is defined as the
amount of carbon assimilated per unit of
water used (Hatfield & Dold 2019). Here,
we report the ratio between site water use
and the mean accumulated stem radial
change for Douglas-fir, representing the re-
ciprocal WUE on an area/site basis. On av-
erage, 70.4 mm (kg m?) of water was used
per 1 mm of mean radial increment, and an
increase in rainfall during the growing sea-
son in 2023 (except at RO) led to an in-
crease (decrease for RO) in stem radial
growth by 26.1 mm of water per mm in
stem radial growth. Conversely, an in-
crease in site water use by 1 mm led, on av-
erage, to a 42 pm increase in stem radial
growth, ranging from 28.1 um in RO to 62.7
pm in HE. Assuming that SWU increases on
average by 0.41 mm per 1 mm increase in
precipitation (Fig. 3, left panel), an increase
in precipitation by 1 mm would result in an
increase in growth by 17.2 um on average.
This would mean that to increase the radial
growth of Douglas-fir by 1 mm per growing
season, rainfall during the growing season
would need to increase by about 58 mm.
Alternatively, one could irrigate the forest,
thereby excluding canopy interception and
minimizing surface runoff, so theoretically
only charging the upper 40 cm of soil (Fig.
3, central panel). This would require at
least 34.5 mm or 345,065 kg of water per
hectare.

We expected Bad Belzig (BB), as the site
with the most continental climate and low
annual precipitation, to be the most water-
conservative and efficient in terms of wa-
ter use per mean stem growth. However,
this site was only second behind Merzal-
ben (ME), the most humid and oceanic
characterized site, and according to our
analysis, the site with the highest WUE.
The primary reason for the lower WUE in
BB is likely due to the sandier soil at the BB
site, which leads to greater water percola-
tion losses, thereby reducing the amount
of water available for plant uptake.

Stand water use scenarios and the
relevance of soil (REW) and air moisture
(VPD)

Our analysis demonstrates that TWU and
SWU can be accurately modeled using only
daily maximum VPD and soil REW as predic-
tors. However, incorporating the maximum
daily radial stem shrinkage (MDS) into the

TWU model enhances accuracy (compare
Tab. S4 and Tab. S5 in Supplementary ma-
terial). The model quantifies VPD and REW
as roughly equally important, though their
influence varies: REW primarily limits tran-
spiration in dry years (e.g., 2022), while VPD
plays a greater role in humid years (Tab. 5,
Tab. S4, Tab. S5 in Supplementary mate-
rial).

Until the end of this century, most region-
alized global climate model ensembles
(RekKliEs-De) predict a reduction in growing
season rainfall and an increase in daily mini-
mum and maximum temperature (Fig. 4),
which would lead to lower soil REW and an
increase in VPD. Our simulation of SWU un-
der a shifted temperature and REW regime
predicts a general stimulation of site tran-
spiration due to a higher atmospheric de-
mand (VPD). However, this is strongly lim-
ited and reduced by soil desiccation and,
therefore, lower soil REW. The predicted
changes in SWU compared to the dry year
2022 are rather small, as soil moisture was
already strongly limiting transpiration, es-
pecially in the second half of the growing
season (Niessner et al. 2024). The following
year, 2023, was considerably more humid,
but mean temperatures remained higher
than the long-term average, and rainfall
was lower. However, considering this as a
“normal” year, the predicted reduction in
SWU under the most extreme scenario (+4
°C, -50% REW) is between -12% at the site RO
(rather continental rainfall regime) and
-26% at ME (rather oceanic rainfall regime).

Tiktak & Bouten (1994) reported a 31% re-
duction in annual SWU in 1976 due to
droughts during the 30 years analyzed
(1960-1990). This reduction in SWU is pri-
marily a consequence of the trees’ closed
stomata to avoid drying out and damage to
tissues. However, this inevitably leads to
lower CO, uptake for carbon assimilation
and consequently growth, which can also
be seen in the right panel of Fig. 3. This ulti-
mately raises the question of how high the
maximum reduction in annual or seasonal
SWU can be and over how many years be-
fore the trees practically starve or can no
longer withstand pests. Rainfall exclusion
experiments (Gavinet et al. 2019, Zavadi-
lovd et al. 2023) show a significant reduc-
tion in sap flow of trees, but no impact on
growth. Unfortunately, such experiments
are very rare and usually limited to young
stocks on small sites due to the logistical
challenges. Appropriate forest manage-
ment with adequate thinning would evi-
dently reduce water stress (Aussenac &
Granier 1988) and minimize the risks of
drought damage.

Conclusions

Random Forest models have proven to
be effective tools for closing data gaps in
tree water use and project stand water
use. Key environmental variables such as
vapor pressure deficit, relative extractable
water in the soil, and, if available, tree ra-
dial changes can serve as strong predictors

iForest 18: 309-318



for tree and stand water use. The year 2022
already presented signs of significant wa-
ter stress, characterized by low soil water
availability and reduced stand water use.
Looking ahead, climate projections indi-
cate a continued decline in stand water
use, which will likely lead to a correspond-
ing reduction in tree growth and stand pro-
ductivity, potentially impacting forest
health and ecosystem resilience.

List of abbreviations

* BB: Bad Belzig;

* RO: Rottenburg;

* HE: Heinersreuth;

* ME: Merzalben;

* MDS: Maximum daily stem shrinkage;

* PP: Precipitation;

* RCP: Representative Concentration Path-
ways;

* REW: Relative extractable soil water;

* SPSS: Shared Socio-economic Pathway;

* SRC: Stem radial change;

* SWU: Site water use;

* TWU: Tree water use;

* VPD: Vapor pressure deficit of air;

* VSWC: Volumetric soil water content.

Acknowledgements

This work was supported by the FNR-
Waldklimafonds (German Federal Agency
on Renewable Resources - Forest Climate
Fund/German Federal Ministry of Food and
Agriculture and German Ministry for the
Environment, Nature Conservation and Nu-
clear Safety) within the project “Douglas
Goes Risk” under the grant no. FKZ
2219WK37B4.

The authors would like to thank all the
forestry offices in Bad Belzig, Bayreuth,
Trippstadt, and Rottenburg for supporting
this study and allowing us to set up mea-
suring devices in the forests. We also thank
everyone who actively supported us in the
field or contributed ideas for the study.
Thanks to the critical remarks of the re-
viewers, which helped to improve the man-
uscript.

AN contributed to the data curation, for-
mal analysis, methodology, visualization,
and writing the original draft; SE contrib-
uted to the methodology, field measure-
ments, formal analysis, writing the original
draft, and review and editing; Rz, GS, AL,
and SH contributed to the conceptualiza-
tion, project administration, supervision,
and review and editing.

References

Ali J, Khan R, Ahmad N, Magsood | (2012). Ran-
dom forests and decision trees. 1JCSI Interna-
tional Journal of Computer Science Issue 9 (5):
272-278.

Aussenac G, Granier A (1988). Effects of thinning
on water stress and growth in Douglas-fir. Can-
adian Journal of Forest Research 18: 100-105. -
doi: 10.1139/x88-015

Beedlow PA, Waschmann RS, Lee EH, Tingey DT
(2017). Seasonal patterns of bole water content
in old growth Douglas-fir (Pseudotsuga men-
ziesii (Mirb.) Franco). Agricultural and Forest

iForest 18: 309-318

Meteorology 242: 109-119. - doi: 10.1016/j.agrfor
met.2017.04.017

Berdanier AB, Miniat CF, Clark JS (2016). Predic-
tive models for radial sap flux variation in conif-
erous, diffuse-porous and ring-porous temper-
ate trees. Tree Physiology 36: 932-941. - doi:
10.1093/treephys/tpwo027

Brienen S, Friih B, Walter A, Trusilova K, Becker P
(2016). A Central European precipitation clima-
tology - Part II: application of the high-resolu-
tion HYRAS data for COSMO-CLM evaluation.
Meteorologische Zeitschrift 25: 195-214. - doi:
10.1127/metz/2016/0617

Brus R, Potzelsberger E, Lapin K, Brundu G, Ora-
zio C, Straigyte L, Hasenauer H (2019). Extent,
distribution and origin of non-native forest tree
species in Europe. Scandinavian Journal of For-
est Research 34: 533-544. - doi: 10.1080/028275
81.2019.1676464

Cassel DK, Nielsen DR (2018). Field capacity and
available water capacity. In: “Methods of Soil
Analysis: Part 1 Physical and Mineralogical
Methods, 5.1” (Klute A ed). Soil Science Society
of America, American Society of Agronomy,
Madison, WI, USA, pp. 901-926. - doi: 10.2136/
sssabooksers.1.2ed.c36

Christidis N, Stott PA (2021). The influence of an-
thropogenic climate change on wet and dry
summers in Europe. Science Bulletin 66: 813-
823. - doi: 10.1016/j.s¢ib.2021.01.020

Dawson TE, Burgess SSO, Tu KP, Oliveira RS, San-
tiago LS, Fisher JB, Simonin KA, Ambrose AR
(2007). Nighttime transpiration in woody
plants from contrasting ecosystems. Tree Phys-
iology 27: 561-575. - doi: 10.1093/treephys/27.4.
561

Deslauriers A, Morin H, Urbinati C, Carrer M
(2003). Daily weather response of balsam fir
(Abies balsamea (L.) Mill.) stem radius incre-
ment from dendrometer analysis in the boreal
forests of Québec (Canada). Trees 17: 477-484. -
doi: 10.1007/s00468-003-0260-4

Downes G, Beadle C, Worledge D (1999). Daily
stem growth patterns in irrigated Eucalyptus
globulus and E. nitens in relation to climate.
Trees 14: 102-111. - doi: 10.1007/PL00009752

Drew DM, Downes GM (2009). The use of preci-
sion dendrometers in research on daily stem
size and wood property variation: a review.
Dendrochronologia 27: 159-172. - doi: 10.1016/j.
dendro.2009.06.008

Eilmann B, Rigling A (2012). Tree-growth analy-
ses to estimate tree species’ drought toler-
ance. Tree Physiology 32: 178-187. - doi: 10.1093/
treephys/tpsoo4

Felsche E, Bohnisch A, Poschlod B, Ludwig R
(2024). European hot and dry summers are pro-
jected to become more frequent and expand
northwards. Communications Earth and Envi-
ronment 5: 410. - doi: 10.1038/s43247-024-01575-
5

Gavinet J, Ourcival J, Limousin J (2019). Rainfall
exclusion and thinning can alter the relation-
ships between forest functioning and drought.
New Phytologist 223: 1267-1279. - doi: 10.1111/
nph.15860

Goff JA, Gratch S (1946). Low-pressure proper-
ties of water from -160 to 212 °F. In: Proceed-
ings of the “52" Annual Meeting of the Ameri-
can Society of Heating and Ventilating Engi-
neers”. New York (NY, USA) 27-30 Jan 1946, pp.

Tree and stand water use of Douglas-fir

95-122.

Granier A (1985). A new method of sap flow
measurement in tree stems. Annales des Sci-
ences Forestiéres 42 (2): 193-200. - doi: 10.1051/
forest:19850204

Granier A (1987). Evaluation of transpiration in a
Douglas-fir stand by means of sap flow mea-
surements. Tree Physiology 3: 309-320. - doi:
10.1093/treephys/3.4.309

Harris CR, Millman KJ, van der Walt SJ, Gommers
R, Virtanen P, Cournapeau D, Wieser E, Taylor J,
Berg S, Smith NJ, Kern R, Picus M, Hoyer S, van
Kerkwijk MH, Brett M, Haldane A, del Rio JF,
Wiebe M, Peterson P, Gérard-Marchant P,
Sheppard K, Reddy T, Weckesser W, Abbasi H,
Gohlke C, Oliphant TE (2020). Array program-
ming with NumPy. Nature 585: 357-362. - doi:
10.1038/541586-020-2649-2

Hatfield JL, Dold C (2019). Water-use efficiency:
advances and challenges in a changing climate.
Frontiers in Plant Science 10: 103. - doi: 10.3389/
fpls.2019.00103

IPCC (2023). Climate change 2021 - The physical
science basis: working group | contribution to
the sixth assessment report of the Intergovern-
mental Panel on Climate Change. Cambridge
University Press, Cambridge, UK. - doi: 10.1017/
9781009157896

Keenan RJ (2015). Climate change impacts and
adaptation in forest management: a review.
Annals of Forest Science 72: 145-167. - doi: 10.10
07/513595-014-0446-5

Kécher P, Gebauer T, Horna V, Leuschner C
(2009). Leaf water status and stem xylem flux
in relation to soil drought in five temperate
broad-leaved tree species with contrasting wa-
ter use strategies. Annals of Forest Science 66:
101-101. - doi: 10.1051/forest/2008076

Kohnle U (2007). Douglasienanbau in Stdwest-
Deutschland:  waldbauliche  Erfolgsfaktoren
[Douglas fir cultivation in southwest Germany:
factors of silvicultural success]. BFW-Praxisin-
formation 16: 12-13. [in German]

Leuschner C, Meinzer FC (2024). Drought resis-
tance and drought adaptation of Douglas-fir
(Pseudotsuga menziesii) - A review. Perspec-
tives in Plant Ecology, Evolution and Systemat-
ics 65: 125829. - doi: 10.1016/j.ppees.2024.125829

Lhotka O, Bestakovd Z, Kysely J (2023). Prolon-
gation of compound dry-hot seasons over Eu-
rope under climate change scenarios. Earth’s
Future 11: €2023EF003557. - doi: 10.1029/2023
EF003557

McKinney W (2010). Data structures for statisti-
cal computing in python. In: Proceedings of the
“gt Python in Science Conference” (Austin, TX,
USA), vol. 445, pp. 51-56. - doi: 10.25080/majo
ra-92bf1922-00a

Moore GW, Bond BJ, Jones JA, Phillips N, Mein-
zer FC (2004). Structural and compositional
controls on transpiration in 40- and 450-year-
old riparian forests in western Oregon, USA.
Tree Physiology 24: 481-491. - doi: 10.1093/tree
phys/24.5.481

Nadezhdina N, Urban J, Cermdk J, Nadezhdin V,
Kantor P (2014). Comparative study of long-
term water uptake of Norway spruce and Dou-
glas-fir in Moravian upland. Journal of Hydrol-
ogy and Hydromechanics 62: 1-6. - doi: 10.2478/
johh-2014-0001

Nicolescu V-N, Mason WL, Bastien J-C, Vor T,

317

>
(S
)
wv
]
S
o
L.
e
c
(1]
wv
]
19}
c
AL
194
w
o
)
B0
2
0
I
)
w
)
S
)
=



https://doi.org/10.1139/x88-015
https://doi.org/10.2478/johh-2014-0001
https://doi.org/10.2478/johh-2014-0001
https://doi.org/10.1093/treephys/24.5.481
https://doi.org/10.1093/treephys/24.5.481
https://doi.org/10.1029/2023EF003557
https://doi.org/10.1029/2023EF003557
https://doi.org/10.1016/j.ppees.2024.125829
https://doi.org/10.1051/forest/2008076
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.1093/treephys/3.4.309
https://doi.org/10.1051/forest:19850204
https://doi.org/10.1051/forest:19850204
https://doi.org/10.1111/nph.15860
https://doi.org/10.1111/nph.15860
https://doi.org/10.1038/s43247-024-01575-5
https://doi.org/10.1038/s43247-024-01575-5
https://doi.org/10.1093/treephys/tps004
https://doi.org/10.1093/treephys/tps004
https://doi.org/10.1016/j.dendro.2009.06.008
https://doi.org/10.1016/j.dendro.2009.06.008
https://doi.org/10.1007/PL00009752
https://doi.org/10.1007/s00468-003-0260-4
https://doi.org/10.1093/treephys/27.4.561
https://doi.org/10.1093/treephys/27.4.561
https://doi.org/10.1016/j.scib.2021.01.020
https://doi.org/10.2136/sssabookser5.1.2ed.c36
https://doi.org/10.2136/sssabookser5.1.2ed.c36
https://doi.org/10.1080/02827581.2019.1676464
https://doi.org/10.1080/02827581.2019.1676464
https://doi.org/10.1127/metz/2016/0617
https://doi.org/10.1093/treephys/tpw027
https://doi.org/10.25080/majora-92bf1922-00a
https://doi.org/10.25080/majora-92bf1922-00a
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1016/j.agrformet.2017.04.017
https://doi.org/10.1016/j.agrformet.2017.04.017

>
S
ey
wv
]
1)
o
L.
o)
c
(4]
wv
]
v
c
AL
194
wv
o
)
°0
2
0
I
)
w
)
S
)
=

Niessner A et al. - iForest 18: 309-318

Petkova K, Podrazsky V, Dodan M, Peri¢ S, La
Porta N, Brus R, Andrasev S, Slavik M, Modran-
sky J, Pastor M, Rédei K, Cvjetkovic B, Siva-
cioglu A, Lavnyy V, Buzatu-Goanta C, Mihailescu
G (2023). Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) in Europe: an overview of man-
agement practices. Journal of Forestry Re-
search 34: 871-888. - doi: 10.1007/s11676-023-
01607-4

Niessner A, Ehekircher S, Zimmermann R, Horna
V, Reichle D, Land A, Spangenberg G, Hein S
(2024). Soil drought sets site-specific limits to
stem radial growth and sap flow of Douglas-fir
across Germany. Frontiers in Plant Science 15:
1401833. - doi: 10.3389/fpls.2024.1401833

Niessner A (2025). Loguino. Open source hard-
ware, GitHub, website. [online] URL: http://
github.com/ArminNiessner/Loguino

Nnyamah JU, Black TA (1977). Rates and pat-
terns of water uptake in a Douglas-fir forest.
Soil Science Society of America Journal 41: 972-
979. - doi: 10.2136/s552j1977.036159950041000
50033x

Noack M (2021). Waldwachstum im Nordost-
deutschen Tiefland: Wachstum, Entwicklung
und Standort forstwirtschaftlich bedeutsamer
Baumarten [Forest growth in the Northeast
German lowlands: growth, development and
location of forestry-important tree species].
Kessel, Norbert, Germany, pp. 129-142. [in Ger-
man]

O’Brien JJ, Oberbauer SF, Clark DB (2004).
Whole tree xylem sap flow responses to multi-
ple environmental variables in a wet tropical
forest. Plant, Cell and Environment 27: 551-567.
- doi: 10.1111/j.1365-3040.2003.01160.X

Paligi SS, Link RM, Hackmann CA, Coners H,
Leuschner C (2025). Water consumption of
beech, spruce and Douglas fir in pure and
mixed stands in a wet and a dry year - Testing
predictions of the iso/anisohydry concept. Sci-
ence of The Total Environment 970: 178948. -
doi: 10.1016/j.scitotenv.2025.178948

Pedregosa F, Varoquaux G, Gramfort A, Michel
V, Thirion B, Grisel O, Blondel M, Prettenhofer
P, Weiss R, Dubourg V (2011). Scikit-learn: Ma-
chine learning in Python. The Journal of Ma-
chine Learning Research 12: 2825-2830. [online]
URL: http://www.jmlr.org/papers/volume12/pe
dregosatta/pedregosatta.pdf

Pfautsch S, Bleby TM, Rennenberg H, Adams MA
(2010). Sap flow measurements reveal influ-
ence of temperature and stand structure on
water use of Eucalyptus regnans forests. Forest
Ecology and Management 259: 1190-1199. - doi:
10.1016/j.foreco.2010.01.006

Rauthe M, Steiner H, Riediger U, Mazurkiewicz
A, Gratzki A (2013). A Central European precipi-
tation climatology - Part I: generation and vali-
dation of a high-resolution gridded daily data
set (HYRAS). Meteorologische Zeitschrift 22:
235-256. - doi: 10.1127/0941-2948/2013/0436

Sevanto S, Nikinmaa E, Riikonen A, Daley M, Pet-
tijohn JC, Mikkelsen TN, Phillips N, Holbrook
NM (2008). Linking xylem diameter variations

318

with sap flow measurements. Plant and Soil
305: 77-90. - doi: 10.1007/511104-008-9566-8

Simpson DG (2000). Water use of interior Dou-
glas-fir. Canadian Journal of Forest Research
30: 534-547. - doi: 10.1139/x99-233

Spangenberg G, Zimmermann R, Kiippers M,
Hein S (2024). High-resolution dendrometer
measurements reveal different responses of
Douglas-fir to extreme drought in 2018 depend-
ing on soil and rooting characteristics. Frontiers
in Plant Science 15: 148544o0. - doi: 10.3389/fpls.
2024.1485440

Thom D, Buras A, Heym M, Klemmt H-J, Wauer A
(2023). Varying growth response of Central Eu-
ropean tree species to the extraordinary
drought period of 2018-2020. Agricultural and
Forest Meteorology 338: 109506. - doi: 10.1016/
j.agrformet.2023.109506

Thomas F, Bogelein R, Werner W (2015). Interac-
tion between Douglas fir and European beech-
investigations in pure and mixed stands. Forst-
archiv 86 (4): 83-91. - doi: 10.5555/20153300321

Thomas FM, Rzepecki A, Werner W (2022). Non-
native Douglas fir (Pseudotsuga menziesii) in
Central Europe: ecology, performance and na-
ture conservation. Forest Ecology and Manage-
ment. 506: 119956. - doi: 10.1016/j.foreco.2021.
119956

Tiktak A, Bouten W (1994). Soil water dynamics
and long-term water balances of a Douglas fir
stand in the Netherlands. Journal of Hydrology
156: 265-283. - doi: 10.1016/0022-1694(94)90081-
7

Van Rossum G, Drake FL (2009). Python 3 Refer-
ence Manual. CreateSpace, Scotts Valley, CA,
USA, pp. 242.

Virtanen P, Gommers R, Oliphant TE, Haberland
M, Reddy T, Cournapeau D, Burovski E, Peter-
son P, Weckesser W, Bright J, Van Der Walt SJ,
Brett M, Wilson J, Millman KJ, Mayorov N, Nel-
son ARJ, Jones E, Kern R, Larson E, Carey CJ,
Polat I, Feng Y, Moore EW, VanderPlas J, Lax-
alde D, Perktold J, Cimrman R, Henriksen I,
Quintero EA, Harris CR, Archibald AM, Ribeiro
AH, Pedregosa F, Van Mulbregt P, Vijaykumar
A, Bardelli AP, Rothberg A, Hilboll A, Kloeckner
A, Scopatz A, Lee A, Rokem A, Woods CN, Ful-
ton C, Masson C, Haggstrom C, Fitzgerald C,
Nicholson DA, Hagen DR, Pasechnik DV, Olivetti
E, Martin E, Wieser E, Silva F, Lenders F, Wil-
helm F, Young G, Price GA, Ingold G-L, Allen GE,
Lee GR, Audren H, Probst I, Dietrich JP, Silterra
J, Webber JT, Slavi¢ J, Nothman J, Buchner J,
Kulick J, Schénberger JL, De Miranda Cardoso
JV, Reimer J, Harrington J, Rodriguez JLC,
Nunez-Iglesias J, Kuczynski J, Tritz K, Thoma M,
Newville M, Kimmerer M, Bolingbroke M,
Tartre M, Pak M, Smith NJ, Nowaczyk N, She-
banov N, Pavlyk O, Brodtkorb PA, Lee P, McGib-
bon RT, Feldbauer R, Lewis S, Tygier S, Sievert
S, Vigna S, Peterson S, More S, Pudlik T, Oshima
T, Pingel TJ, Robitaille TP, Spura T, Jones TR,
Cera T, Leslie T, Zito T, Krauss T, Upadhyay U,
Halchenko YO, Vazquez-Baeza Y (2020). SciPy
1.0: fundamental algorithms for scientific com-

puting in Python. Nature Methods 17: 261-272. -
doi: 10.1038/541592-019-0686-2

Vitali V, Biintgen U, Bauhus J (2017). Silver fir and
Douglas fir are more tolerant to extreme
droughts than Norway spruce in south-western
Germany. Global Change Biology 23: 5108-5119. -
doi: 10.1111/gcb.13774

Waring RH, Whitehead D, Jarvis PG (1979). The
contribution of stored water to transpiration in
Scots pine. Plant, Cell and Environment 2: 309-
317. - doi: 10.1111/j.1365-3040.1979.tb00085.x

Warren JM, Meinzer FC, Brooks JR, Domec JC
(2005). Vertical stratification of soil water stor-
age and release dynamics in Pacific Northwest
coniferous forests. Agricultural and Forest Me-
teorology 130: 39-58. - doi: 10.1016/j.agrformet.
2005.01.004

WDCC (2025). Database of the World Data Cen-
ter for Climate. DKRZ, Hamburg, Germany,
website. [online] URL: http://www.wdc-clima
te.de/ui/q

Zavadilovd I, Szatniewska J, Petrik P, Mauer O,
Pokorny R, Stojanovi¢ M (2023). Sap flow and
growth response of Norway spruce under long-
term partial rainfall exclusion at low altitude.
Frontiers in Plant Science. 14: 1089706. - doi:
10.3389/fpls.2023.1089706

Zweifel R, Item H, Hésler R (2000). Stem radius
changes and their relation to stored water in
stems of young Norway spruce trees. Trees 15:
50-57. - doi: 10.1007/s004680000072

Supplementary Material

Tab. S1 - Simulations used for monthly pro-
jections of precipitation for 2091-2100.

Tab. S2 - Simulations used for monthly pro-
jections of minimum and maximum tem-
peratures for 2091-2100.

Tab. S3 - Days missing in daily tree sap flow
data.

Tab. S4 - Mean feature importance, accu-
racy, and R? of RF-Models for each individ-
ual tree for both years separately and
together.

Tab. S5 - Mean feature importance [%], ac-
curacy [%], and R*[%] of RF-Models for each
individual tree for both years separately
and together.

Tab. S6 - Parameters of the fitted power
function y = a - x* for upscaling of tree
water use to stand water use.

Fig. S1 - Power function regression be-
tween the tree circumference and the total
tree water use (TWU) during the growing
seasons (Apr-Sep) of 2022 and 2023.

Link: Niessner_4922@supploo1.pdf

iForest 18: 309-318


https://doi.org/10.1007/s004680000072
https://doi.org/10.3389/fpls.2023.1089706
http://www.wdc-climate.de/ui/q
http://www.wdc-climate.de/ui/q
https://doi.org/10.1016/j.agrformet.2005.01.004
https://doi.org/10.1016/j.agrformet.2005.01.004
https://doi.org/10.1111/gcb.13774
https://doi.org/10.1016/0022-1694(94)90081-7
https://doi.org/10.1016/0022-1694(94)90081-7
https://doi.org/10.1016/j.foreco.2021.119956
https://doi.org/10.1016/j.foreco.2021.119956
https://doi.org/10.5555/20153300321
https://doi.org/10.1016/j.agrformet.2023.109506
https://doi.org/10.1016/j.agrformet.2023.109506
https://doi.org/10.3389/fpls.2024.1485440
https://doi.org/10.3389/fpls.2024.1485440
https://doi.org/10.1139/x99-233
https://doi.org/10.1007/s11104-008-9566-8
https://doi.org/10.1127/0941-2948/2013/0436
https://doi.org/10.1016/j.foreco.2010.01.006
http://www.jmlr.org/papers/volume12/pedregosa11a/pedregosa11a.pdf
http://www.jmlr.org/papers/volume12/pedregosa11a/pedregosa11a.pdf
https://doi.org/10.1016/j.scitotenv.2025.178948
https://doi.org/10.1111/j.1365-3040.2003.01160.x
https://doi.org/10.2136/sssaj1977.03615995004100050033x
https://doi.org/10.2136/sssaj1977.03615995004100050033x
http://github.com/ArminNiessner/Loguino
http://github.com/ArminNiessner/Loguino
https://doi.org/10.3389/fpls.2024.1401833
https://doi.org/10.1007/s11676-023-01607-4
https://doi.org/10.1007/s11676-023-01607-4
http://iforest.sisef.org/pdf/Niessner_4922@suppl001.pdf
https://doi.org/10.1111/j.1365-3040.1979.tb00085.x
https://doi.org/10.1038/s41592-019-0686-2

	Measured and simulated tree and stand water use of Douglas-fir along a climatic gradient across Germany
	Introduction
	Material and methods
	Study sites
	Meteorological data
	Climate predictions
	Dendrometer measurements
	Sap flow measurements
	Tree water use modeling
	Stand water use calculation
	Stand water use simulation

	Results
	Growing season tree and stand water use of Douglas-fir
	Seasonal site water balance
	Predicted changes in precipitation and temperature
	Simulation of sap flow under different scenarios

	Discussion
	Tree and stand water use of Douglas-fir
	Site water balance
	Stand water use scenarios and the relevance of soil (REW) and air moisture (VPD)

	Conclusions
	List of abbreviations
	Acknowledgements
	References
	Supplementary Material


